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Dye-sensitized solar cells (DSSCs) are promising new generation low-cost solar cells that provide a
potential solution to the coming oil shortage and climate change, while light-weighted and flexible
DSSCs are highly desirable to meet the growing demands of portable, light-weight and flexible
personal energy sources. However, currently available methods for fabricating flexible DSSCs are
far from perfect. Meanwhile, solid-state DSSCs, i.e. DSSCs using a solid hole conductor instead of
a liquid electrolyte are increasingly important because they do not suffer the problems of leakage,
vaporization and corrosion. In terms of both flexible and solid-state DSSC, there is no available
method  reported.  Therefore  this  thesis  project  focuses  on  the  development  of  novel  and  high
performance flexible DSSCs based on both liquid-electrolyte and solid hole conductor. 
A unique transfer method was developed for the fabrication of efficient flexible DSSCs containing
iodine/iodide based liquid electrolytes. This transfer method overcomes the difficulty of creating
high-quality nanocrystalline TiO  thin films on plastic substrates, and an overall energy conversion₂
efficiency of 5.47% was obtained. The transfer method was further extended to fabricate flexible
solid-state DSSCs with in situ polymerized poly(3,4-ethylenedioxythiophene) (PEDOT) as the hole
conductor  and TiO  nanowires  (NWs) as the electron conductor  using plastic  substrates,  and a₂
device with efficiency over 1% was obtained. Finally, doping of TiO  NWs with aluminum was₂
extensively investigated to improve the performances of nanowire-based DSSCs.
This thesis contains six chapters. In chapter 1, the backgrounds, motivations and scopes of this work
are presented. Major findings and evaluations are discussed in chapters 2 ~ 5. Conclusions and
outlooks are summarized in chapter 6.
In chapter 2, a transfer method is introduced to overcome the difficulties of fabricating DSSCs on
plastic substrates. This method use a unique free-standing TiO  NW thin film. The film is composed₂
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of big and small NWs on each side. The big NWs have the functions of weakening adhesion to its
original substrate, supporting the film after lift-off, and acting as a scattering layer in the final solar
cells, whereas the small NWs provide large surface area for dye loading and good adhesion to the
flexible substrate for photoelectron collection. A high efficiency of 5.47% was obtained for flexible
dye-sensitized solar cells fabricated by transferring the NWs films onto ITO-PEN substrates.
Chapter  3  focuses  on a  method involving fabricating  flexible  DSSCs with  in  situ polymerized
PEDOT as a hole-conductor, which combines the benefits of both flexible DSSCs and solid-state
DSSCs together. As a first-step exploration in this completely new kind of DSSC, in this chapter,
titanium foils were chosen as the substrate of DSSCs. The reason of this choice is: compared to the
more commonly used plastic substrates in the area of flexible DSSCs, titanium foils were found less
challenging when being applied with solid state DSSC fabrication procedure.  The devices were
fabricated  successfully,  and  some positive  results  were  obtained.  However,  due  to  some other
limitations introduced by the titanium foil as well as the solid state system, DSSCs with this kind of
structure were found far from perfect.
An alternative approach to fabricate flexible solid-state DSSCs are described in chapter 4, in which
the transfer method introduced in chapter 2 has been further extended to fabricate PEDOT DSSCs.
Using the  transfer  method,  the  first  ever  flexible  PEDOT DSSC with  efficiency over  1% was
fabricated. This is also the first ever PEDOT DSSC that uses TiO  NWs instead of nanoparticles.₂
The substrate used for the flexible DSSC was a plastic substrate ITO-PEN. In order to overcome the
limitation of the operating temperatures on this substrate, transfer method was used to fabricate the
porous  TiO  layer, and a  low-temperature  atomic  layer  deposition  (ALD) method was  used  to₂
fabricate the compact TiO  layer. Several other methods regarding to the fabrication of compact₂
TiO  layers were also explored, compared and discussed thoroughly. A flexible solid-state DSSC₂
with energy conversion efficiency higher than 1% was obtained.
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From chapter 2 and chapter 4 one may find that TiO  NWs were important to this thesis project.₂
However, these studies also uncovered the fact that this kind of NW suffers from some problems of
recombination  between  the  injected  electrons  in  TiO  and  the  holes  in  electrolyte  or  PEDOT.₂
Therefore modification of TiO  NW band structure by doping it with aluminum was proposed and₂
carried out. These works are covered by chapter 5.
Some final  conclusions  were  sumerized  in  chapter  6,  along  with  some outlooks  in  the  future
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 CHAPTER 1 INTRODUCTION
 1.1 Solar Energy
Recently, the market has seen tremendous and increasing growth in renewable energy in global
energy consumption. For example, according to the global status report published by ren21.net,1 the
worldwide total renewable energy capacity exceeded 1,360 GW (1 GW = 10⁹ W) in 2011. This
comprised more than a quarter of total global energy generating capacity, which is estimated at
5,360 GW by 2011. The worldwide total amount of newly installed electric capacity in 2011 was
208 GW, in which about a half was contributed by renewable energy (~100 GW). The benefits of
renewable energy include reduction of green-house gas emissions, less dependency on importing
crude oil and other resources, improved national energy security, job creation, public health and
more. 
Among all the renewable energy technologies, solar photovoltaics showed the fastest growth rate in
recent  years:  its  operating capacity  increased 58% annually on average from end-2006 through
2011, followed by concentrating solar thermal power (37%) and wind power (26%). Despite its five
years of rapid growth, however, the market of solar energy is still in its very early stage and is very
small. For example, by 2011, the solar-based energy generation increased to 72 GW, in which 70
GW belonged to solar photovoltaics, and the rest to concentrating solar thermal power. Compared to
the 1,360 GW's total renewable energy capacity, solar energy contributed only 5%. These numbers
are even smaller compared to the power of solar radiation received by the earth, which is about 1
kW/m2,  i.e. roughly 170,000,000 GW. In fact,  the amount of solar radiation is so huge that its
energy reaching the earth in one hour is approximately equal to the total energy consumption by all




Currently we still cannot use solar energy effectively mainly because of the price. It is estimated 1
that the cost for every kW·h of energy generated with solar photovoltaics is US$ 0.20~0.44. In
contrast, that for onshore wind power is only US$ 0.05~0.16, US$ 0.08~0.18 for biomass power,
and US$ 0.05~0.10 for grid-based hydropower. Clearly it is critical to further decrease the cost of
photovoltaic devices.
The best commercial silicon solar cells are about 18% in efficiency,2 while other commercial silicon
solar  cells  with  slightly  lower  prices  and efficiencies  also  exist,  such as  thin  film solar  cells.3
However, these conventional solar cells, the so-called first-generation devices, suffer from the high
cost  of  manufacturing  and  installation.  As  a  result,  second-  and  third-generation  devices  have
became increasingly popular in the field searching for inexpensive and large-scale solar energy
conversion, such as CuInGaSe₂ (CIGS) polycrystalline semiconductor thin film solar cells,3 dye-
sensitized  solar  cells  (DSSCs),4 bulk  heterojunction  cells,5,6 and  organic  cells,7 have  became
increasingly popular in the field searching for inexpensive and large-scale solar energy conversion.
 1.2 Dye-Sensitized Solar Cells (DSSCs)
Dye-sensitized  solar  cells  (DSSCs)  are  among  the  most  efficient  third  generation  photovoltaic
devices.4,8–10 DSSCs with light-to-electric energy conversion efficiencies of 10~11% at standard AM
1.5 sun light have been reported,11,12 which is close to that of the commercial silicon thin film solar
cells.3 
A typical DSSC device (see Figure 1.1) includes: 1) a porous layer of wide band gap semiconductor
(such as anatase TiO₂) nanocrystal film deposited on a transparent and conducting substrate, 2) dye
molecules chemically adsorbed onto the surface of nanocrystal film as sensitizers, 3) electrolyte
containing I /I  redox couple, and 4) a platinum-coated counter electrode. Upon illumination, the⁻ ₃⁻
23
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dye molecules absorb light (or photons), and the excited electrons are injected into TiO₂ conduction
band and transported to the electrode. Those electrons then travel to counter electrode via external
circuit, and finally back to dyes molecule via electrolyte. Thus the solar energy is converted into
electrical power in external circuit.
In a working DSSC, the dye molecules could exist in one of three electronic state: ground state M⁰,
exited state M*, and oxidation state M⁺, and molecules in one state may change to another stat: M⁰
molecules may become M* by absorbing a photon; M* can be subsequently oxidized to M⁺ by
TiO  (which is usually termed electron injection process), while M₂ ⁺ would be reduced by I  ion in⁻
the electrolyte, resulting in M⁰ again, with the latter becoming I  ion. The I  ion can then be₃⁻ ⁻
24
Figure 1.1. Structure and working principle of DSSC. A DSSC includes photoanode (dye (small 
purple dots), TiO  nano-crystal film and transparent, conducting substrate), electrolyte and counter₂
electrode. Electrons are inject by excited dyes into TiO  and collected by electrode, then travel to ₂
counter electrode via external circuit, and transport back to dyes by electrolyte.
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regenerated from I  ion by the counter electrode.₃⁻  These cycles guarantee a continuous light-to-
electrical energy conversion as no net chemical reaction occurred.
Not all the electrons injected into  TiO₂ conduction band are collected by electrode. Before being
collected by TCO, some electrons may quickly recombine with M⁺ state dyes or I  ion. Even for₃⁻
electrons  already  collected  by  electrode,  the  combination  with  I  may  also  occur  at  the₃⁻
electrode/electrolyte  interface.  All  kinds  of  recombination  convert  electrical  energy  into  heat,
therefore should be suppressed.
The timescales of these charge transfer processes are important. Firstly, an exited dye molecule M*
can either inject an electron to the TiO  conduction band or relax to ground M₂ ⁰ via fluorescence,
but the latter is much slower: the timescale for injection is about 100 fs (1 fs = 10⁻¹⁵ s), while that
for relaxation is about 10 ns (1 ns = 10⁻⁹ s), resulting in a 100% quantum efficiency for electron
injection. Secondly, after electron injection, the hole left on dye molecule can be filled either by
electrolyte or by the electrons in TiO  conduction band, again the latter is much slower (~1 μs v.s. 1₂
ms), hence the recombination between the injected electrons and the oxidized dye molecules usually
can be safely neglected. Finally, the electrons in TiO  conduction band can either diffuse to FTO₂
layer and go to external circuit, or recombine with the iodine in the electrolyte, with the timescales
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Figure 1.2. The structure of D149 dye
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for both process comparable: diffusion typically occurs in ~5 ms, while recombination occurs in a
timescale  of  10  ms.  Recombination  between  electron  in  TiO  conduction  band  and  iodine  in₂
electrolyte is still slower than electron diffusion in TiO  conduction band so that the solar cells are₂
able to work, but the competition between recombination and diffusion significantly affects  the
performance of a device.
In a classic DSSC discussed above, the “holes” created by incident photos are transported to the
counter electrode by I /I  redox pair in a liquid electrolyte. With this configuration, great successes₂ ₃⁻
have been achieved by researchers all around the world. However, one has to face the fact that
liquid electrolytes also cause several long-term stability issues such as dye desorption, corrosion of
platinum counter  electrode  by iodine,  evaporation  of  the  volatile  compounds including organic
solvent and several additives, as well as leakage caused by imperfect sealing.13–15 As a result, several
approaches  were  developed  to  replace  the  liquid  electrolyte  with  solid  state  hole  transporting
materials (HTMs), resulting in the emergence of so-called “solid-state” DSSC (ssDSSC), which will
be discussed in length in the following sections.
 1.2.1 A Typical Fabrication Procedure for DSSC
Two kinds of ethyl cellulose (EC) powder (#46070, Sigma-Aldrich; and #46080, Sigma-Aldrich)
were dissolved in ethanol to obtain 10 wt% solutions. The solutions were stirred at 50 ºC for 24
hours to  achieve homogeneity. Thereafter, the EC solutions were mixed with terpineol  (Sigma-
Aldrich) and TiO  nanoparticles (either commercially available, ₂ e.g. Degussa P25, or synthesized in
lab),  and the  mixture  were  vigorously  stirred  overnight,  followed by removing  ethanol  with  a
rotary-evaporator at  40 ºC, 50 mbar. The obtained mixture contained 18 wt% TiO , 5 wt% EC₂




A piece of FTO-glass substrate was cleaned in an ultrasonicator with DI-water, acetone and then DI-
water, respectively, each for 30 min. Then, the paste was spread on the substrate using doctor blade
method, followed by heating at 80 ºC, 125 ºC, 325 ºC, 375 ºC and 450 ºC, respectively, each for 20
min, and cooled down to room temperature. Then the substrate was immersed in 25 mL of 40 mM
TiCl₄ solution at 70 ºC for 30 min, followed by washing with DI-water and ethanol, and then heated
at 450 ºC for 30 min.
After TiCl₄ treatment, the substrate was immersed into D149 dye solution for 2 h. The dye solution
contained 0.5 mM D149 and 0.5 mM chenodeoxycholic acid in acetonitrile and tert-butanol mixture
(v/v  50/50).  The  DSSCs  were  assembled  by  clipping  the  photoanode  and  pyrolysis  platinum
electrode together, using a 25 μm hot melt film as the spacer. The electrolyte contained 0.6 M 1-
butyl-3-methyl imidazolium iodide (BMII), 0.05 M I2, 0.1 M LiI and 0.05 M 4-tert-butylpyridine, in
a mixture of valeronitrile and acetonitrile (v/v 15/85).
 1.2.2 Solid-State DSSCs
As mentioned above, solid-state DSSCs were invented to overcome some long-term stability issues
that were caused by the liquid electrolyte. The structure of a typical solid-state DSSC is shown in
Figure 1.3. Compared to that of a liquid-electrolyte-based one shown in Figure 1.1, there are several
major  differences.  Firstly,  in  order  to  minimize  the  possibility  of  short  circuit,  the  FTO-glass
substrate is usually etched so that some area is not conductive. Secondly, a blocking layer made of
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Figure 1.3. The structure of a typical solid-state DSSC. 1: FTO-glass substrated; 2: compact TiO  ₂
film as a blocking layer; 3: porous TiO  film with dye and HTM; 4: counter electrode₂ 15 
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compact  TiO  film  is  inserted  between  the  FTO  layer  and  the  porous  TiO  layer,  whose₂ ₂
functionality will be discussed in next paragraph. Thirdly, instead of using a liquid electrolyte, HTM
penetrates  into  the  pores  of  the  photoanode.  Finally, the  counter  electrode  can  be  obtained by
depositing metals directly on top of HTM instead of using another piece of FTO-glass. 
The present  of  a  blocking layer  is  important  to  a  solid-state  DSSC. The reason is:  in  a  liquid
electrolyte based DSSC, the TiO  film can be perfectly penetrated by electrolyte due to its porous₂
nature. On one hand, this sets a reductive environment for every dye molecule, so that the dye can
be regenerated in time by after injecting an electron into TiO  conduction band; on the other hand,₂
the  porous  structure  exposes  its  underlying  FTO  film  (or  other  conductive  materials)  to  the
electrolyte, which may cause electron recombination between FTO and electrolyte, which is a kind
of short circuit within the device and may greatly affect its performance. This is not an important
issue in iodine/iodide based DSSCs, because iodine/iodide have a very large overpotential on bare
FTO and the recombination is  automatically suppressed.16 However, in the case of HTM based
DSSCs,  the  recombination  (or  short  circuit)  between  FTO and  HTM can  be  a  great  problem,
because ohmic contact is usually formed at the interface between FTO and HTM, which leads to
severe loss in current. The most straightforward way to overcome this problem is to cover the FTO
layer with a blocking layer, which is usually made of a compact TiO  layer. The blocking layer₂
usually  forms  schottky  contacts  with  HTMs,  which  effectively  prevent  the  photo-generated
electrons from recombination at this interface.
The first  ever used HTM in the field of ssDSSC was an inorganic compound CuI,  which was
introduced by Tennakone  et al. in 1995.14 Their work was followed by extensive studies among
scholars  on  HTMs such  as  2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene
(spiro-MeOTAD),15 polypyrrole,17 poly(3-hexylthiophene)  (P3HT)18 and  poly(3,4-ethylenedioxy-
thiophene) (PEDOT).19 These HTMs will be further discussed in section 1.4.
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 1.2.3 DSSCs Based on Nanowires
As  discussed  in  section  1.2,  after  injecting  into  TiO₂'s  conduction  band  from dye  molecules,
electrons diffuse across the mesoporous  TiO₂ films on which dye molecules are  absorbed. The
electrons are then collected by the electrodes to which the TiO₂ films are attached. The mesoporous
films, typically with thicknesses of 0.5-25 m, are usually made of TiO₂ nanoparticles as small as
10~20 nm in diameter. The diffusivities of electrons in such films, however, are much slower than
that in a bulk TiO₂ crystal, mainly due to trapping and detrapping of electrons at crystalline grain
boundaries or within nanoparticles.20 As a result, recombination of electrons with electrolyte will
compete with this slow diffusion process, causing energy loss and decrease device's efficiency.
Recent studies in DSSCs utilized one-dimensional (1D) nanostructures of semiconductors such as
nanowires21–23 and  nanotubes.24,25 Compared to  nanoparticles  (0D structures),  1D nanostructures
provided additional benefits at least in two aspects: (1) visible light can be scattered by the 1D
nanostructures  because  of  the  matching  between  light  wavelength  and  the  lengths  of  the  1D
nanostrctures, hence efficient  light traveling path for absorption was increased, and more energy
was absorbed, especially in long-wavelength range; (2) the 1D geometry can provide rapid and
direct electron transport pass to the electrodes: the mobility of electrons in 1-D nanostructures was
typically  several  orders  of  magnitude  higher  than  that  in  semiconductor  nanoparticle  films
commonly used in DSSCs.26–28 
Several novel DSSCs based on 1D nanostructures have emerged in recent years. One of the most
notable 1D nanomaterials is TiO₂ nanotube arrays prepared by anodic anodization of Ti foils in the
present of hydrofluoric acid, which was firstly introduced by V Zwilling et al. in 1999.29 Shortly it
was considered to be an excellent material for DSSCs, not only because its 1D structure, but also
because its beautiful morphology.24,27 ZnO nanowire arrays synthesized by hydrothermal method30
and electrospun31,32 method were also reported. Among these materials, a kind of cheap, versatile
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hydrothermal synthesized TiO₂ nanowire was chosen in this work.
In this method, low-cost, commercialized  TiO₂ P25 particles were used as raw material. Natural
rutile sands with even lower price may also be used instead.33 The formation mechanism of  TiO₂
nanotube / nanowire from P25 is shown in Figure 1.4:34 in a hydro-thermal environment, titanium
dioxide reacted with high-concentration sodium hydroxide and became sodium titanate with a 2D
nanosheet  structure,  then  scrolled  up  resulting  in  1D nanotube.  In  case  the  ratio  of  length  to
diameter is larger than 10, it is usually termed as “nanowire” to emphasis the length. 
The as-synthesized nanowires (or nanotubes) were composite of sodium titanate instead of titanium
dioxide. Therefore, acid solution (such as HCl) was used to exchange Na⁺ in nanowires and convert
sodium titanate into TiO₂·x(H₂O) (known as TiO (B) phase), with the latter becoming anatase ₂ TiO₂
during high-temperature calcination.
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Figure 1.4. TiO  nanotube / nanowire formation mechanism₂ 34
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 1.2.4 Doping of TiO₂ Nanowires
As mentioned previously, the photoanode surface is the location at which recombination occurs, and
therefore, modifying the surface chemistry and/or physics to suppress these processes is a potential
strategy  to  increasing  the  conversion  efficiency  of  DSSCs.  One  such  method  is  to  dope  the
semiconductor with another insulating or wide band gap metal oxide.
Diamant  et al. carried out one of the most extensive works investigating the effect of doping the
photoanode on conversion efficiency of DSSCs.35 In this work, they made use of an electrochemical
deposition method to modify the surface of a TiO  nanoparticle-based photoanode. A large variety₂
of metal oxides – Nb O , ZnO, strontium titanium oxide SrTiO , aluminum oxide Al O , zirconium₂ ₅ ₃ ₂ ₃
oxide ZrO  and tin oxide SnO  – were used as the dopants, obtaining a great variety in ₂ ₂ ECB. 
Diamant  et al. proposed two methods in which doping affects  the operational principles of the
DSSC. In the first method, the dopant forms an energy barrier at the surface of TiO  nanoparticles₂
surface  that  suppresses  recombination  by  retarding  electron  outflow  from  photoanode  after
injection. This results in a higher  VOC as electron density in the photoanode film increases, and a
higher JSC as charge collection improves. In the second method, doping creates a dipole layer at the
surface which shifts the  ECB of TiO  in a direction that is dependent on that of the dopant. If a₂
negative  shift  is  achieved,  that  is,  ECB shifts  upwards,  VOC will  increase  and  JSC will  decrease
accordingly due to a lower driving force for electron injection from the dye sensitizer. However, it
was observed that  VOC would increase more than the decrease in  JSC, hence leading to an overall
enhancement of the conversion efficiency.
Diamant et al. found that doping with Nb O  increases both ₂ ₅ VOC and JSC simultaneously, leading to
an impressive 37.3% increase in the DSSC efficiency. This also proves that Nb O  forms an energy₂ ₅
barrier at the interface between the photoanode and the dye/electrolyte. On the other hand, doping
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of TiO  with ZnO, SrTiO  and Al O  enhances the performance of the DSSC by approximately₂ ₃ ₂ ₃
15% via a negative shift in the ECB. In contrast, ZrO  and SnO  doping were unable to improve the₂ ₂
conversion efficiency. It is found that dopants with  ECB located between that of the photoanode
material and the energy level of the excited dye will be able to enhance the conversion efficiency of
the DSSC.
Several methods have been applied to dope or coat the photoanode with different types of metal
oxides. Dip-coating in metal alkoxide solution was employed by Saif et al. to coat TiO  with Al₂ ₂O₃,
resulting in a 40% improvement in DSSC efficiency.36 Neo et al. used thermal evaporation of Al and
magnesium Mg followed by oxidation to deposit Al O  and MgO on the surface of the photoanode,₂ ₃
and  for  both  materials,  an  increase  in  efficiency  was  achieved.37 Zhang  et  al. doped  TiO₂
nanoparticles with tungsten W through the sol-gel method, and they were able to attain an efficiency
of 9.1%, up from 7.6% based on undoped nanoparticles.38
Although doping of the photoanode has largely been proven to enhance the conversion efficiency of
the DSSC, there are evidences that excessive doping may be undesirable. For instance, Zhang et al.
found that conversion efficiency increases with increasing W doping content from 0.0 wt% to 0.2
wt%, before it starts to decrease.38 Independent works also verified that Al O  doping should be₂ ₃
kept to below 1.0 wt%; otherwise, the conversion efficiency would be worse off than the undoped
DSSC.39,40 Alarcòn et al. provided an explanation for this: excessive doping disrupts the crystalline
structure of the photoanode and creates additional traps; and at the same time, a blocking layer
forms at the surface of the photoanode which, despite reducing recombination rate, impedes the
forward electron injection from the excited dye as well.39 Theoretical calculations by Mäkinen et al.
also supported the notion that excessive doping suppresses the forward electron injection.41 As a




 1.3 Flexible DSSCs
As described in section 1.2, conductive glass substrates are commonly used in conventional DSSCs.
These substrates are rigid, thick and heavy. Lightweight and flexible solar cells are  increasingly
important because of the increasing demand for portable power supplies for laptops, pads, mobile
phones, etc. Moreover, low cost and high productivity roll-to-roll mass production become possible
only if conventional rigid substrates were replaced by flexible materials. Therefore flexible DSSC
are attracting more and more attentions among scholars.42–44 
Currently, two kinds of flexible substrates are widely used in flexible DSSCs: plastic substrates and
metallic foil substrates. The major problem of plastic substrates is  that they cannot bear the high
temperature (at least 450 °C) in the photoanode fabrication process, because their glass transition
temperatures are usually lower than 150 °C.  As a result, the commonly used “high-temperature”
process described in section 1.2.1 has to be modified to meet the requirement of these substrates,
and  several  “(relatively)  low-temperature”  methods  have  been  developed.  In  2000,  a  low-
temperature method which involved sintering of TiO  sol-gel particles at 100°C was reported, an₂ d a
light-to-electricity conversion efficiency of 1.22% was obtained.42 Although the cell performance
was not  good enough, it  showed the possibility  of developing flexible DSSCs;  and some post-
treatment methods were introduced later to improve the performance. For example, D. S. Zhang et.
al greatly increased the efficiency of low-temperature sinterred devices by introducing a TiCl4 post-
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Figure 1.5. A Flexible DSSC Fabricated Using Titanium Foil51
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treatment  to  the  film.44 The  same author  introduced another  novel  hydrothermal  post-treatment
method.45 They then further decreased the processing temperature to room temperature followed by
UV-ozone  treatment.46 Besides  these  low-temperature  sintering  methods  (with  or  without  post-
treatment), other low-temperature approaches have also been developed in the past decade, such as
the  electrophoretic  deposition  method,47 as  well  as  the  compression  method.48 However,  the
efficiencies  of  these  low-temperature  approaches  were  still  significantly  lower  than  those  of
conventional high-temperature sinterred devices, which are around 11%. Plastic DSSCs based on
ZnO instead of  TiO₂ were also studied,49,50 but ZnO was even less efficient than  TiO₂ in DSSC.
Therefore  one  may  conclude  that  it  remains  challenging  to  fabricate  a  efficient  DSSC  using
completely low-temperature methods.
Unlike plastic substrates, metallic foil substrates (e.g. titanium or stainless steel foils) do not have
such limitations on processing temperatures. Therefore, they have been used as replacements of
plastic substrates to fabricate flexible DSSCs in some recent studies. For example, in 2006, S. Ito et
al. reported  a  flexible  DSSC  using  titanium  foil  as  substrate  with  a  7.2% energy  conversion
efficiency.51 However, metallic foils are not transparent; hence, the incident light can only come
from the back side of the solar cell rather than from the front side as in normal DSSCs. This “back-
illumination” configuration caused as much as 30% of energy loss due to the absorption of incident
light by counter electrode and electrolyte.51 
Since  neither  plastic  substrates  nor  metallic  substrates  are  perfect  when  being  used  alone,  a
“transfer” method has been introduced, which combined the benefits of two kinds of substrates
together. The principle is  simply to  fabricate  the solar  cell  (particularly, the TiO  film) on one₂
substrate (such as a piece of glass or metal) at high temperatures, then transfer it onto another one
(such as a plastic substrate), thus retaining the advantages of both high-temperature-fabricated TiO₂
films and flexible plastic substrates. Two critical steps are involved in this method: 1) detach the
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TiO₂ film from its original substrate without breaking it; 2) transfer and attach it onto a secondary
substrate. The first flexible DSSC fabricated via the transfer method was reported in 2005 by M.
Durr  et. al.52 In their study, the film was detached by inserting a thin layer of gold between TiO₂
film and glass substrate when fabricating, then dissolving the gold layer using iodine; and a thin
layer of low-temperature sinterred TiO  nanorods was used to adhere the transferred TiO  film to a₂ ₂
flexible  substrate,  but  these  pre-treatment  procedures  made  their  method  rather  inconvenient.
Moreover, their TiO  film was fragile and difficult to transfer,  ₂ which prohibits their  large scale
applications. In 2010, a “friction-transfer” method was reported,  which simplified the detaching
process,53 but pre-treatment on the flexible substrate was still required. Thus, the transfer method
needs to be further developed to meet the requirement of industrial applications. In the following
chapters of this thesis, I will demonstrate a transfer method that can greatly simplify the transfer
process by utilizing  a piece of asymmetric TiO₂ nanowire film. The material used in this kind of
flexible DSSC is TiO  nanowire instead of TiO  nanoparticle.₂ ₂
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Figure 1.6. Illustration of the designed fabrication and transfer procedure using free-standing film 
method. (1) small nanowire paste; (2) big nanowire paste; (3) glass substrate; (4) small nanowire 
layer; (5) big nanowire layer; (6) flexible substrate. (i) high temperature treatment; (ii) cooling 
down to room temperature; (iii) transfer. (a) One layer of (2) and one layer of (1) formed on a 
piece of (3) using doctor-blade method. (b) After (i), a free-standing film with layered structure 
was formed. (c) During (ii), the free-standing film automatically lifted off from (3). (d) The free-
standing film was transferred onto a piece of (6) with small nanowires attached to substrate.
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 1.4 Flexible DSSCs Using in situ Polymierized Poly(3,4-
ethylenedioxythiophene) (PEDOT) as a Hole Transporting Material
 1.4.1 Hole Transporting Materials in DSSCs
As discussed in Section 1.2, to overcome some long-term stability issues that were caused by the
liquid electrolyte in a DSSC, hole-transporting materials (HTMs) were introduced to replace the
liquid  electrolyte.  Reported  HTMs  include  CuI,  spiro-MeOTAD,  as  well  as  some  conjugated
polymers such as polypyrrole, P3HT and PEDOT. A comparison of the hole mobility among those
HTMs shows that  PEDOT is  much  more  conductive  than  most  of  the  other  HTMs.  A higher
conductivity means that the HTM is able to more easily and more efficiently transport the holes
generated by dye molecules under illumination to the counter electrode, thus provides lower series
resistance  and  lower  energy  loss,  leading  to  higher  performance.  Therefore  in  terms  of  hole
mobility, PEDOT is more favorable to other HTMs.
Moreover, compared to most HTMs, PEDOT is highly transparent. A higher transparency means
less solar energy loss due to unwanted absorption by HTMs, because in DSSCs, usually only the
photons  absorbed  by  dye  molecules  have  contributions  to  the  output  electricity,  while  those
absorbed by HTMs don't. As a result, PEDOT is also more favorable to other HTMs in terms of
transparency.
Despite  those  benefits  discussed  above,  the  biggest  problem of  PEDOT is  its  solubility:  it  is
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Figure 1.7. The chemical structure of PEDOT
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virtually insoluble in  any solvent,  which makes it  very difficult  to process both in labs  and in
industry. Solutions to this issue will be addressed in detail in the following two sections.
 1.4.2 Poly(3,4-ethylenedioxythiophene) (PEDOT)
PEDOT  is  a  kind  of  conductive  polymer  with  excellent  conductivity,  stability  and  optical
transparency. Its chemical structure is shown in Figure 1.7. 
However,  pure  PEDOT is  insoluble  in  water  or  almost  any  organic  solvent,  makeing  it  rather
difficult  to  process  during the fabrication of  a  device.  This  issue was partially  solved with the
invention of PEDOT:PSS, which is a mixture of PEDOT and poly(styrenesulfonate) (abbr. PSS)
(see Figure 1.8). In this mixture, PEDOT is partially oxidized and positively charged, while PSS is
negatively  charged.  Together  they  form a  macromolecular  salt  which  is  able  to  form a  stable
suspension in water, thus overcomeing the processability issue.
But in the case of DSSC, which requires the HTM to perfectly penetrate the porous TiO  film, it₂
was found that PEDOT:PSS is not suitable because of the penetration issue, which causes a very
poor conduct between HTM and dye molecules. As a result, after they inject electrons into TiO , the₂
dye molecules are not able to be regenerated in time, and the device cannot work properly.
 1.4.3 In situ Polymerization of PEDOT in DSSCs
Another approach to overcome the difficulty of processing and penetration is to fill the porous TiO₂
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Figure 1.8. The Molecular Structure of PEDOT:PSS
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film with monomer solution, and initiate an in situ polymerization. The reason is simple: compared
to polymers, it is much easier for monomers to be dissolved in a certain solvent and diffuse into the
pores of a piece of porous TiO  film. This approach was introduced by Y. Saito ₂ et al. In 2004 with
an energy conversion efficiency of 0.53%.54 Extensive efforts were then made in this area, and the
performance increased dramatically.19,55 By far, the efficiency record of this kind of DSSC is 7.1%,
which was published by X. Z. Liu et al. in 2012.56 
bis-EDOT was used as the monomer by researchers for  in situ polymerization of PEDOT. In a
typical polymerization process, the structure and working principle of the polymerization cell is
almost the same as a normal electrolyte-based DSSC, which includes photoanode, counter electrode
and electrolyte. The photoanode consist of a structure of dye-sensitized porous TiO  layer / compact₂
TiO  layer / FTO / glass; the counter electrode is a piece of FTO-glass with a thin layer of platinum.₂
These two parts are identical to those found in a normal DSSC, with the exception of compact TiO₂
layer,  which  is  essential  to  most  of  HTM  based  DSSCs.  While  a  normal  DSSC  usually  use
iodine/iodide in its electrolyte, the polymerization cell use bis-EDOT instead. Under illumination,
holes generated by dye molecules are used to oxidize and polymerize bis-EDOT into PEDOT.
The obtained PEDOT coats on the surface of dye/TiO  and forms a thin layer of film which well₂
interpenetrates porous TiO  film. After completion of polymerization, the cell is disassembled, with₂
the photoanode washed and coated with a layer of gold, or made contact with a piece of gold-coated
FTO-glass. The obtained device is then ready for testing and measurement.
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Figure 1.9. The Electropolymerization of bis-EDOT in a in situ Polymerization Process
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 1.4.4 Compact TiO  Film in Flexible DSSCs₂
One of the most challenging part of fabricating a flexible solid-state DSSC is the compact TiO₂
layer. A compact layer is a thin layer (usually about 100 nm) of crystalline TiO  film that lies₂
between the conductive layer (e.g. FTO) and the porous TiO  film. This layer is critical for a solid-₂
state DSSC: any holes or defects in it will cause physical contact between HTM and TCO, which in
turn will cause severe electrical leakage (recombination) and energy loss. A compact TiO  layer that₂
is not thick enough has similar recombination issue. In contrast, one that is thicker than optimum
will introduce an unnecessary series resistance to the solar cell, which also leads to drop in device
performance.  On  the  other  hand,  a  traditional  “liquid”  DSSC usually  works  well  without  the
compact layer, because the relatively high over-potential of I /I  redox on bare FTO automatically⁻ ₃⁻
and effectively prevents this  kind of recombination.  Moreover, for  in situ polymerized PEDOT
DSSCs, the compact TiO  layer also prevents the direct growth of PEDOT on FTO.₂
Currently, two kinds of flexible substrates are widely used in flexible DSSCs: plastic substrates and
metallic foil substrates, and the challenges of depositing compact TiO  layer on these substrates are₂
different. Plastic substrates are light weighted and inexpensive, but their major problem is that they
cannot bear the high temperature (usually 450 °C) in the compact layer deposition process, because
their melting points are usually lower than 150 °C. Unlike plastic substrates, metallic foil substrates
(e.g.  titanium or  stainless  steel  foils)  do not  have such limitations  on processing  temperatures.
However, the conductivities of metallic foils are usually orders higher than TCO, and a tiny defect
in the compact layer may become a disaster. 
 1.5 Objectives of This Thesis
In this thesis, the applications of TiO₂ nanowires (NWs) in various flexible dye-sensitized solar
cells (DSSCs) are explored. A simple transfer method utilizing TiO  ₂ NW films is introduced to
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fabricate both traditional and PEDOT DSSCs. Transfer method is attractive because it combines the
benefits of two kinds of substrates, i.e., plastic and glass substrates, together. Moreover, ruthenium
is an extremely rare element on the Earth, as a result, inexpensive ruthenium-free organic dyes have
recently been widely used as a replacement of the traditional ruthenium dyes; and they were used
throughout this project.
This thesis is divided into four parts:
1. To fabricate flexible DSSCs using a modified transfer method based on a free-standing TiO₂
nanowire thin film that was prepared using doctor-blade method. The film is composed of
big and small nanowires on each side. The big nanowires have the functions of weakening
adhesion to its original substrate, supporting the film after lift-off, and acting as a scattering
layer in the final solar cells, whereas the small nanowires provide large surface area for dye
loading and good adhesion to  the flexible  substrate  for  photoelectron collection.  A high
efficiency  of  5.47%  was  obtained  for  flexible  dye-sensitized  solar  cells  fabricated  by
transferring the nanowire films onto ITO-PEN substrates.
2. To fabricate flexible solid-state DSSC on titanium foils with in situ polymerized PEDOT as
a  hole-conductor,  which  combines  the  benefits  of  both  flexible  DSSCs  and  solid-state
DSSCs together. As a first-step exploration in this completely new kind of DSSC, titanium
foils were chosen as the substrate of DSSCs. The reason of this choice is: compared to the
more commonly used plastic substrates in the area of flexible DSSCs, titanium foils were
found less challenging when being applied with solid state DSSC fabrication procedure. The
devices were fabricated successfully, and some positive results were obtained. However, due
to some other limitations introduced by the titanium foil as well as the solid-state system,
DSSCs with this kind of structure were found to be far from perfect. The limiting factors
were analyzed in depth.
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3. To fabricate  flexible  PEDOT DSSCs using the transfer  method. Solid-state  DSSC using
PEDOT as hole-transporting material  is promising in recent years.  However, there is no
report on fabricating this kind of DSSC on plastic substrates. Therefore the third study of
this thesis project was to extend our transfer method from traditional DSSC to this new type
of DSSC. Using this method, the first plastic solid-state DSSC was fabricated.
4. To improve the performance of transferred device by doping TiO  with Al. To overcome the₂
drawbacks in the second and third study, the nanowires were modified by doping metallic
elements.  This  study  provided  a  viable  method  to  improve  the  energy  conversion
efficiencies of the devices that were previously investigated.
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Flexible DSSCs Based on TiO  Nanowires₂
 CHAPTER 2 FLEXIBLE DSSCS BASED ON TIO  ₂
NANOWIRES
 2.1 Introduction
Dye-sensitized solar cells (DSSCs) are among the most efficient third generation photovoltaic 
devices. DSSCs with light-to-electric energy conversion efficiency of over 11% at standard AM1.5 
sun light have been produced.1 The most efficient DSSCs were fabricated on rigid glass substrate, 
whose fabrication procedure involves several processes in a high temperature (about 450 °C) 
environment. On the other hand, light-weight and flexible dye-sensitized solar cells have attracted 
increasing attentions in recent years, because they are highly desirable as portable power supplies, 
and they could be manufactured via low cost and high productivity roll-to-roll mass production.2–5 
The two kinds of flexible substrates that have been widely used in flexible DSSCs are plastic 
substrates and metallic foil substrates, respectively.
Commercially available plastic substrates are usually made of poly(ethylene terephthalate) (PET) or
poly(ethylene naphthalate) (PEN). These materials have good optical and machanical properties.
However, they have big problems when being used as the substrate of DSSCs: good interconnection
between TiO  particles in DSSCs usually requires sintering process at temperatures that are much₂
higher than the melting points of commonly used plastic flexible substrates: PET and PEN cannot
bear high temperatures that are commonly used for DSSC fabrication. As a result, several “low
temperature sintering” methods have been reported.3,5–8 In 2000, the first low-temperature method
with  a light-to-electricity conversion efficiency of 1.22% was reported, which simply “sintered”
TiO  sol-gel particles at 100 °C on plastic substrates₂ .8 Although the efficiencies are not so exciting,
their work demonstrated the possibility of developing flexible DSSCs on plastic substrates. Since
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then,  several  post-treatment  methods  were  reported  to  improve  the  devices'  performances. For
example, in 2002, D. S. Zhang et al. greatly increased the efficiencies of low-temperature sintered
DSSCs with  a  simple  low-temperature  TiCl₄ post-treatment  method.9 They  introduced  another
novel  hydrothermal  post-treatment  method in 2003,  and obtained an efficiency of  4.2%.7 They
further decreased the processing temperature from 100 °C to room temperature by introducing UV-
ozone treatment.4 Along with these low-temperature sintering methods, some other low-temperature
approaches have also been developed in the past decade,  such as the electrophoretic deposition
method with a 4.1% energy conversion efficiency,10 as well as the compression method with an
efficiency  of  7.4%,  which  refreshed  the  efficiency  record  of  flexible  DSSCs.3 However,  the
efficiencies  of  these  low-temperature  approaches  were  still  significantly  lower  than  those  of
conventional high-temperature sinterred devices, which are more than 10%. Plastic DSSCs using
ZnO instead of TiO₂ were also studied,2,5 but these devices were usually even less efficient.
Unlike  plastic  substrates,  metallic  foil  substrates  do  not  have  the  limitations  on  processing
temperatures.  Therefore,  in some recent literature,  nonreactive metals  such titanium or stainless
steel have been reported to replace plastic substrates in fabricating flexible DSSCs. For example, in
2006, S. Ito  et al. reported a flexible DSSC using titanium foil as substrate with a 7.2% energy
conversion efficiency.11 However, in these devices, the incident light can only come from the back
side of the solar cell rather than from the front side as in normal DSSCs, because metallic foils are
not transparent. The consequence of this so-called “back-illumination” configuration is: as much as
30% energy might be wasted simply due to the absorption of incident light by counter electrode and
electrolyte.11
Since both plastic substrates and metallic substrates have various problems when being used alone,
a “transfer” method was introduced, which may combine the strength of both kinds of substrates
together. This method involves transfering high-temperature sintered TiO  films from their original₂
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substrate onto secondary flexible substrates.12–16 So far, all the reported transfer methods require
complex lifting-off processes and pretreatment on flexible  substrates.  Moreover, the lifted TiO₂
films are fragile, which prevent their large-scale applications. On the other hand, recent studies on
TiO  nanowires (NWs) show that they could form free-standing films with ease and be synthesized₂
at low cost.17,18 
In this chapter, I present a method to produce robust and free-standing asymmetric TiO  NW films₂
which can be automatically lifted off from its original substrate, and be readily attached to flexible
substrates.  By transferring  this  asymmetric  free-standing film onto  ITO-PEN substrate,  flexible
DSSCs with 5.47% efficiency were fabricated. The impedance analysis showed that the connection
between transferred TiO  and substrate is as good as high-temperature sintered ones even without₂
any pretreatment on the secondary substrates.
 2.2 Methods
 2.2.1 Synthesis of TiO  Nanowires₂
The NWs were synthesized using a hydrothermal method.17–19 For big TiO  NWs, 1.5 g of TiO₂ ₂
nanoparticles (Degusa P25) were mixed with 150 mL of 10 mol/L NaOH (Sigma-Aldrich, ACS
reagent,  ≥  97.0%) aqueous solution,  and kept  in  a 500 mL autoclave at  180 °C for 20 h.  For
NW110s, the synthesis condition was the same except that the temperature was 110 °C, and a 250
mL flask with reflux and vigrous stir was used instead of an autoclave.
The resulting white, milky suspensions were washed for several times with milli-Q water until their
electrical conductivities dropped to 70 μS/cm. The washing procedure contains three steps: 1) The
suspension was centrifuged at 7500 rpm for a certain period of time to separate the solid phase
(TiO  nanostructure) from the liquid phase (water and NaOH). 2) The liquid phase was discarded,₂
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with the solid phase mixed with fresh deionized water. 3) The fresh mixture was then sonicated and
vigorously  stirred  to  allow the  TiO  nanostructures  disperse  uniformly in  water. The electrical₂
conductivities were measured by a conductivity probe connecting to an AutoLab electrochemical
workstation.
After washing, the suspensions were then acidified by adding 1 M HCl (Fluka) solution dropwisely
until their pH reaches 2. The suspensions were then stirred overnight to exchange the Na  ions⁺
remaining in the lattice of TiO  with H  ions. Then they were washed again with milli-Q water until₂ ⁺
their conductivities were below 10 μS/cm. This was followed by washing with ethanol for three
times to replace the solvent. The final products were white, milky suspensions containing only NWs
and ethanol. These suspensions were used for characterization and DSSC fabrication.
 2.2.2 Characterization of TiO  Nanowires₂
The Brunauer-Emmett-Teller  (BET)  surface  areas  of  TiO  nanowires  were  measured  by firstly₂
drying their ethanol suspensions in a 70  ºC oven overnight, followed by baking at 550 ºC for 30
min,  then  being  weighted  and  measured  by  a  NOVA e-Series  BET  Surface  Area  Analyzer
(Quantachrome Instruments).
The transmission electron microscopy (TEM) images were obtained by dropping a drop of NW
suspensions (diluted with ethanol for 100 times), then dried with an oven and a vacuum pump, and
observed with a transmission electron microscope (JEM-2100F, JEOL).
The X-ray diffraction (XRD) patterns of TiO  nanowires were measured by firstly drying their₂
ethanol suspensions in a 70 ºC oven overnight, followed by baking at 550 ºC for 30 min, then being
pressed hard on the sample holder and measured by a XRD instrument (D8 Advance, Bruker).
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 2.2.3 Transfer Method
The transfer method includes the following procedures, unless otherwise specified:
Two kinds of ethyl cellulose (EC) powder (#46070, Sigma-Aldrich; and #46080, Sigma-Aldrich)
were dissolved in ethanol to obtain 10 wt% solutions. The solutions were stirred at 50 ºC for 24
hours to achieve homogeneity. 
Thereafter,  the  EC  solutions  were  mixed  with  terpineol  (Sigma-Aldrich)  and  the  nanowire
suspension  prepared  in  section  2.2.1  and  vigorously  stirred  overnight,  followed  by  removing
ethanol with a rotary-evaporator at 40 ºC, 50 mbar. The obtained mixture contained 18 wt% TiO , 5₂
wt% EC #46070, 4 wt% EC #46080, and 73 wt% terpineol. This mixture, or “paste”, was used for
the fabrication of DSSCs. The paste that contains NW180s is noted as “NW180 paste”, while the
one that contains NW110s is noted as “NW110 paste”.
These pastes were used to fabricate free-standing TiO₂ films. Namely, a piece of glass substrate was
cleaned in an ultrasonicator with DI-water, acetone and then DI-water, respectively, each for 30
52
Figure 2.1. Illustration of the designed fabrication and transfer procedure using free-standing film
method. (1) small nanowire paste; (2) big nanowire paste; (3) glass substrate; (4) small nanowire 
layer; (5) big nanowire layer; (6) flexible substrate. (i) high temperature treatment; (ii) cooling 
down to room temperature; (iii) transfer. (a) One layer of (2) and one layer of (1) formed on a 
piece of (3) using doctor-blade method. (b) After (i), a free-standing film with layered structure 
was formed. (c) During (ii), the free-standing film automatically lifted off from (3). (d) The free-
standing film was transferred onto a piece of (6) with small nanowires attached to substrate.
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min.  Then,  NW180 paste  was spread on the substrate  using doctor  blade method,  followed by
heating at 80 ºC for 15 min to remove solvents. NW110 paste was then spread on top of the dried
NW180 paste. The glass substrate was then heated at 80 ºC, 125 ºC, 325 ºC, 375 ºC and 550 ºC,
respectively, each for 20 min, and cooled down to room temperature.
The TiO₂ film was automatically lifted off from the glass substrate during cooling. Then the film
was immersed in 25 mL of 80 mM TiCl₄ solution at 70 ºC for 30 min, followed by washing with
DI-water and ethanol, and then heating at 450 ºC for 30 min. A special tool made of copper wire
(see Figure 2.2) was used to lift the film out of liquids without breaking it. During heating, the free
standing film was placed between two pieces of glass substrates in a sandwich structure, which
prevented the thin TiO₂ film from curving or rolling up.
After  TiCl₄ treatment,  the free-standing film is  attached to a piece of ITO-PEN substrate,  with
NW110 layer  connect  to  ITO layer. Then they were pressed under  0.6 t/cm² for 1 min with a
hydraulic press. Under pressure, the TiO₂ film was adhered to the flexible substrate firmly.
The general procedure described above was slightly modified in order to meet specific requirements
in the experiments. Particularly:
1. NW110 pastes may be mixed with commercial  TiO₂ nanoparticle pastes (e.g. Ti-Nanoxide
T/SP, Solaronix) before being applied using doctor-blade method. By mixing them together,
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Figure 2.2. A tool made of copper wire for lifting TiO₂ films out of liquids
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the surface area of an obtained TiO₂ film could be higher, thus the amount of dye loading
also increased.19 
2. When necessary, it is possible to prevent the free-standing film from automatically lift off
from its  original  substrate.  This  can  be  achieved  by  1)  adding  some NW110s  into  the
NW180 paste; or 2) adding some NPs (e.g. 150~250 nm TiO₂ NPs from WER2-O Paste,
Dyesol); or 3) deposit a layer of compact  TiO₂ film on the glass substrate using aerosol
pyrolysis  method  before  use.  By  applying  these  modifications,  the  TiO₂ films  will  not
automatically lift off; rather, they can only be transferred from their original substrates to the
second substrate when being pressed with a hydraulic press.
3. When necessary, it is possible to transfer the free-standing TiO₂ film onto another piece of
FTO-glass  substrate  instead  of  ITO-PEN  substrate.  This  transfer  method  is  actually
“universal”, which means many different kinds of substrates can be used as the secondary
substrate for transfer without any problems.
 2.2.4 Fabrication of DSSCs
The transferred TiO₂ films were immersed into D149 dye solution for 2 h at room temperature. The
dye solution contained 0.5 mM D149 and 0.5 mM chenodeoxycholic acid in acetonitrile and tert-
butanol mixture (v/v 50/50). The DSSCs were assembled by clipping the photoanode and pyrolysis
platinum electrode together, using a 25 μm hot melt film as the spacer. The electrolyte contained 0.6
M  1-butyl-3-methyl  imidazolium  iodide  (BMII),  0.05  M  I₂,  0.1  M  LiI  and  0.05  M  4-tert-
butylpyridine, in a mixture of valeronitrile and acetonitrile (v/v 15/85).
For  comparison,  a  control  device  was fabricated  with  the  “normal”  method,  i.e.  without  being
transferred. Namely, the NW110 paste was appied on a piece of FTO-glass first, followed by baking
at 80 ºC for 15 min and then the NW180 paste. The substrate was then immersed in D149 solution
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and used to assemle a DSSC following exactly the same procedures described above.
 2.2.5 Characterization of DSSCs
The field emission scanning electron microscopy (FESEM) images of the free-standing TiO₂ films
were obtained by firstly coating a thin layer of platinum (20 mA, 90 s using a JEOL JFC-1600
sputter ), and then observe with a microscope (JSM-6700F, JEOL).
The photocurrent–photovoltage measurements were recorded with the electrochemical workstation
(PGSTAT30, Autolab). A solar simulator (XES-151S, San-EI Electric) was used as the light source
(with a piece of Newport AM 1.5G filter) for measuring the solar cells. The intensity of incident
light was calibrated using a reference cell (OptoPolymer, ISE CalLab) before each experiment. The
active area is defined by a 0.158 cm² mask. 
The incident-photon-to-electron conversion efficiency (IPCE) was measured using a 300W Xenon
light source (MAX-310, Asahi Spectra) and a monochromator (TMS300, Bentham). The data were
collected with a Keithley 4200 SourceMeter connected to a computer.
The  electrical  impedance  spectroscopy  of  a  DSSC  was  measured  using  an  electrochemical
workstation (PGSTAT30, Autolab) at open circuit potential under 625 nm light illumination. The
results were fitted with a transmission line model.
 2.3 Results
 2.3.1 Electron Microscopy Images
The TEM images of small and NW180s are shown in Figure 2.3 a & b, respectively. The lengths of
the  NW110s  are  ~200  nm,  and  the  diameters  are  ~10  nm,  while  the  NW180s  are  several
micrometers long and ~100 nm in diameter. The obtained NWs were converted to doctor-blade
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pastes,20 spread onto glass  substrates with NW180s directly  attached to  the glass  substrate  and
NW110s  on  the  top,  and  then  sintered  at  550  °C  for  30  min.  Upon  cooling  down  to  room
temperature, the film was automatically lifted off from glass substrate without any visible cracks.
Figure 2.3c shows a piece of free-standing flexible TiO  film (inset picture) and its cross-sectional₂
FESEM image.  The film has  a  layered  structure:  the  upper  layer  contains  NW110s,  while  the
bottom  layer  is  composed  of  NW180s.  From  the  cross-sectional  image,  the  thicknesses  are
determined to be ~6.5 μm and 5.5 μm for layers containing big and NW110s, respectively. 
The NW film was able to be automatically lifted off possibly due to at least three factors: 1) the
NW180s are long enough to form a strong film,  which is  able  to  support  itself  and the upper
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Figure 2.3. a & b: TEM image of as-synthesized small and NW180s. c: Cross-sectional 
FESEM image of a piece of free-standing flexible TiO  nanowire film (inset figure), showing ₂
layered structure with small and NW180s on the top and bottom, respectively.
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NW110 layer;17 2) as compared to NW110s or nanoparticles, the NW180s have weaker interaction
with the substrate due to fewer connection points; 3) the thermal expansion coefficient of the TiO₂
film is different from that of the glass substrate. 
 2.3.2 X-Ray Diffraction (XRD)
We further investigated the working electrode by X-ray diffraction (XRD). It was reported that after
sintering at  550 °C, the nanowires will  crystallize with a mixture of anatase and rutile phases,
whose particular composition depends highly on the sintering temperature and time.23 The XRD
spectrum of the sintered NW film is shown in  Figure 2.4. Both anatase and rutile peaks can be
found in the XRD pattern, thereby confirming that the NWs crystallized in a mixture of crystal
phases.
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Figure 2.4. XRD patterns of NWs sintered at 550°C for 30 min. A: anatase peaks; R: routile peaks.
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 2.3.3 Effect of TiCl₄ Treatment
According to Ohsaki Y. et al, TiCl₄ treatment had a positive effect on the performance of NW based
devices.19 Therefore,  the  effect  of  TiCl  treatment  was  examined  by  using  two  different  TiCl₄ ₄
concentration: prior to immersion in dye solution, the photoanode was treated with 40 or 80 mM
TiCl₄ aqueous solution  at  70°C for  30 min,  then washed with  water  and ethanol,  dried in  the
ambient environment, and baked at 450°C for 30 min. The performances of the resulted devices are
shown in Table 2.1. The one treated with 40 mM TiCl  solution₄  has an energy conversion efficiency
of 5.90%, with a  JSC of 11.3 mA/cm², a  VOC of 0.745 V and a fill factor of 70.1%; while the one
treated with 80 mM TiCl  solution₄  has an energy conversion efficiency of 6.69%, with a JSC of 12.8
mA/cm², a  VOC of 0.744 V and a fill factor of 70.1%. These results showed that  TiCl₄ treatment
dramatically increased  JSC and the efficiency, possibly because the surface area of the  TiO₂ NW
were increased after the TiCl₄ treatment.21 Meanwhile, TiCl₄ treatment would coat a thin protective
layer  on  every  single  NW,  which  could  improve  the  necking  between  NWs  and  electron
transportation, as well as increase scattering.19 
 2.3.4 Transferred DSSCs
To fabricate DSSCs using the free-standing film as the photoelectrode,  two modifications were
applied to the films in order to improve the device performance: 1) the films were treated with 80
mM TiCl  aqueous solution at 70 °C for 30 min;₄ 19 and 2) Degussa P25 TiO  nanoparticles were₂
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Table 2.1. Effect of TiCl₄ treatment on DSSC's efficiency







40 11.3 0.745 70.1% 5.90%
80 12.8 0.744 70.1%
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mixed with NW110s (wt.% = 50%).22,23 A photoanode was fabricated by first attaching a piece of
nanowire film to FTO-glass with the NW110 side facing the substrate, then pressing the attached
film for one minute at room temperature under a pressure of 0.6 t/cm², and finally immersing it into
D149 dye solution for 2 h at room temperature. The dye solution contained 0.5 mM D149 and 0.5
mM chenodeoxycholic acid in acetonitrile and tert-butanol mixture (v/v 50/50). The DSSCs were
assembled by clipping the photoanode and pyrolysis platinum electrode together, using a 25 μm hot
melt  film as  the  spacer.  The  electrolyte  contained  0.6  M 1-butyl-3-methyl  imidazolium iodide
(BMII), 0.05 M I2, 0.1 M LiI and 0.05 M 4-tert-butylpyridine, in a mixture of valeronitrile and
acetonitrile (v/v 15/85). The representative device was named as device A.
As a control, devices  B were fabricated with exactly the same structure and film thicknesses as
device  A, but using the conventional method instead. A TiO  film was prepared by spreading the₂
NW pastes onto a FTO-glass substrate using doctor-blade method with the NW180s on top of the
small ones, which was followed by high-temperature sintering and TiCl  treatment. All the other₄
procedures were identical to those for device A. 
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 2.3.5 I-V characterization
The performance of devices  A and  B are shown in  Figure 2.5. Device  A has a light-to-electrical
efficiency () of 6.24% with a short circuit photocurrent density (JSC) of 12.1 mA/cm², an open
circuit photovoltage (VOC) of 0.740 V and a fill-factor (FF) of 69.7%. Device B has a  of 6.69%, a
JSC of 12.8 mA/cm², a  VOC of 0.744 V and an  FF of 70.2%.  The photocurrent-photovoltage (I-V)
measurement was conducted under 100 mW/cm² AM1.5 condition, and a mask was used to keep the
active area to be 0.158 cm². It is found that the energy conversion efficiency of a transferred device,
A, is similar to the one fabricated with a standard method, B. This suggests that the qualities of the
sintered TiO  films are successfully retained by this transfer method. With the NW110 attached to₂
the glass substrate in device B, the film did not automatically lift off after sintering. In contrast, with
the NW180 attached to the glass substrate in device  A,  the film was not firmly adhered to the
substrate after sintering. This suggests that the NW180s are the key for the TiO  film to lift-off₂
automatically after sintering.
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Figure 2.5. Performances of devices. A: transferred onto glass substrate. B: non-transferred. C: 
transferred onto flexible substrate.
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 2.3.6 Electrical Impedance Analysis
Electrical impedance analysis was performed to understand the differences between devices A and
B. The devices were measured in the dark with forward biases between 0.55 V and 0.75 V.24–26 The
measured impedance spectra were then fitted with a transmission line model reported by Wang et
al.24 
From the fitting results (Figure 2.7), it is found that RCO (the resistance at TiO / substrate interface)₂
of a transferred device was only slightly higher than that of the non-transfer one (A vs B: 2.56  vs
1.61  at VOC). The strong adhesion formed between the film and substrate in device A by means of
pressing alone is believed to be due to the NW films’ intrinsic flexibility and softness which aid in
forming multiple strong connection points between itself and the glass substrate.
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Figure 2.6. Equivalent Circuit used in the EIS fitting
Figure 2.7. Fitted RCO v.s. bias voltage of devices transferred onto FTO-glass substrate (A) and 
control (B) obtained from the electrical impedance spectroscopy.
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 2.3.7 Transmittance & Incident Photo-to-Electron Conversion Efficiency (IPCE)
We further  investigated  the  working  electrode  by  transmittance  and incident  photo-to-electron
conversion efficiency (IPCE) to understand the scattering effect  of NW180s.  The transmittance
spectra of the FTO substrate, NW110 films with and without D149 are shown in Figure 2.8a. In the
short wavelength region, the transmittance of the NW film is lower than that of FTO-glass, . which
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Figure 2.8. a: Transmittance (against air background) of NW110 films with and without 
adsorbing D149 dye, as well as the FTO-glass substrate used in this work. b: IPCE of NW based
devices with and without NW180 layer as scattering layer.
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is due to the light absorption of TiO  film  ₂ as well as the slight light scattering in this region. In
addition,  D149 dye has two strong absorption peaks near 390 and 520 nm, which are in  good
agreement with the IPCE of devices without the NW180 scattering layer. For devices with the
NW180 scattering layers, however, the IPCE in the wavelength ranges of 400-490 nm and 620-730
nm is  enhanced because  of  the  scattering  effect  of  the  NW180s.  This  is  further  confirmed by
comparing the performances of devices with and without NW180s fabricated directly on FTO-glass
substrate. 
 2.3.8 Transferred Flexible DSSCs
Using the fabrication conditions on FTO-glass substrate, we further fabricated a flexible DSSC on
ITO-PEN substrate,  with the glass based counter  electrode replaced by ITO-PEN with 100 nm
platinum. As shown in  Figure 2.5, this device (device  C) has an   of 5.47% with a  JSC of 10.5
mA/cm²,  a  VOC of  0.745 V and a  FF of  69.9%. Compared to device  A,  device  C has a lower
performance mainly  due  to  the  drop of  photocurrent,  which  is  in  turn  possibly  caused  by the
stronger light absorption of the plastic substrate in device C as compared to the FTO-glass substrate
used in device A.5 
The reproducibility of is transfer technique is > 75%. This is mainly owing to the good mechanical
properties of the big nanowires. As a result, this transfer technique could be easily scale up in a roll-
to-roll manner. For example, the free-standing films could be manufactured on top of metal foils
instead of glass substrates, and undergo high-temperature treatments, then transfer to plastic foils.
Because both metal  foils  and plastic  foils  are  flexible,  all  these steps  mentioned above can be
designed using roll-to-roll mass production method.
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 2.4 Discussion
 2.4.1 A View in Micrometer Scale: Distributions of Photons and Free Electrons 
Across the Nanowire Film under Working Conditions
Figure  2.9 shows  the  AM  1.5  solar  spectrum,  plotting  with  power  and  flux  v.s.  wavelength,
respectively  (raw  data  obtained  from:  http://rredc.nrel.gov/solar/spectra/am1.5/ ).  Illumination
power Phν and photon flux Jhν have the following relationship:
(2.1)
Upon shed on a DSSC, the photons are absorbed by glass, FTO, TiO  and dye. ₂ Figure 2.10 shows
the absorption process. Particularly, in the TiO  film, for a certain wavelength, one has:₂
(2.2)
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Figure 2.9. AM 1.5 Illumination
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where x is the distance between the FTO layer and a given point in the TiO  film. Therefore, all the₂
points  on  FTO/TiO  interface  have  x=0.  ₂ α is  the  light  absorption  coefficient,  which  can  be
determined from the transmittance spectra of the films (Figure 2.8). 
As discussed previously, after a dye molecule is excited by a photon, because the electron injection
process is much faster than relaxation process, the quantum yield at this step can be seen as unity.
Hence the electron injection rate equals to the photon absorption rate:
(2.3)
Assume that the concentration of I⁻/I₃⁻ in the electrolyte are high enough. “High enough” means
iodide ions can quickly regenerate oxidized dye molecules to prevent the latter to recombine with
electrons  that  have  been  injected  into  TiO  conduction  band.  “High  enough”  also  means  the₂
concentrations  do  not  significantly  change  under  working  condition.  Therefore,  with  this
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Figure 2.10. Photon Flux in the TiO  Film₂
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assumption, the recombination rate of the “free electrons” (rrec) can be deemed as a quasi first-order
reaction:
(2.4)
where Qe is the electron density, k' is the reaction constant to electron density, and τn is the apparent
electron life time.
The  injection  rate  and  recombination  rate  together  determine  how many  electrons  exist  in  the
conduction band, but the exact distribution profile of electrons across the film also depends heavily
on the transportation within the film:
(2.5)
where Je is the electron flux across TiO  film in x direction, and D₂ n is the apparent electron diffusion
coefficient. The electron flux affects electron density in a manner similar to eqn. 2.3:
(2.6)
As a result, the electron density near a given point in the TiO  film is determined by the following₂
equation:
(2.7)
Jhν and  α in  eqn.  2.3 do  not  have  analytical  expressions,  so  this  equation  cannot  be  solved
analytically. Nevertheless, by using numerical methods, one can still find the electron distribution
profile at steady state under a given boundary conditions. For example, the boundary values for
short circuit condition can be written as:
(2.8)
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where d is the thickness of the TiO  film. These equations are easy to understand: under short₂
circuit condition, the quasi-Fermi level within the FTO film should be the same as the equilibrium
voltage of  I⁻/I₃⁻ redox couple,  meaning that almost  no free electrons should exist  in the FTO
conduction band. As the FTO layer and the TiO  layer is electrically connected, the electron density₂
should be continuous across the interface, hence the electron density in TiO  film should also be₂
zero at x = 0. On the other hand, no electron transport is allowed at the outer most edge of the TiO₂
film, because there is no electron conductors when x > d. Hence the electron flux should be zero at
x = d.
Similarly, the boundary values under open circuit condition should be:
(2.9)
With these boundary values, eqn. 2.7 can be easily solved numerically. The parameters, τn and Dn,
can be determined from impedance experiments:
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Figure 2.11. Electron Density Profile under Open / Short Circuit Condition
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(2.10)
The electron distribution profile under short and open circuit conditions are shown in Figure 2.11,
respectively. It is worthy noting that the electron densities under open circuit condition are about
two folders higher than that under short circuit condition. Under open circuit condition, the electron
density remains almost the same across TiO  film, with FTO side slightly higher than the other side₂
because of stronger light intensity. This even distribution suggests that although more electrons are
injected in the front (FTO side), they can quickly diffuse to the back side of the film.
It is also possible to estimate the profile of quasi-Fermi levels under various conditions. This is a bit
tricky, because it is widely accepted that a lot of electron “traps” exists with in the TiO  film. The₂
energy of these trapping sites are lower than TiO  conduction band, but higher than ₂ I⁻/I₃⁻ redox.
Usually the number of traps are so big that most of the “free” electrons injected by dye molecules
are trapped, and only a few are able to exist in the conduction band because of thermal detrapping. 
Usually the energy distribution of the traps were described as:
(2.11)
where  Qt is  the  density  of  traps  whose  energies  are  lower  than  E,  Ec is  the  energy  of  TiO₂
conduction band, kB is the Boltzmann constant, Tc is the tailing parameter that defines the shape of
the distribution, and g(E) is the distribution function. Given a quasi-Fermi level EF, the electron
density can be found by filling electrons into these traps:
(2.12)
where E0 is electrolyte's redox potential energy, and f(E) is Fermi-Dirac distribution:
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(2.13)
It is worthy noting that the EF – E0 is the voltage of the solar cell. Therefore, it is possible to find the
electron distribution profile at any applied voltage V by firstly set the quasi-Fermi energy at the
FTO/TiO  interface (x = 0) to be V + E₂ ₀, then find out the electron density at the point of x = 0, then
use it as the left bound value to solve the electron distribution equation: 
(2.14)
For example, Figure 2.12 shows the quasi-Fermi level profile across the TiO  film under standard₂
illumination. It is clear that when the voltages are high, because the electron diffusion length are
larger than the film thickness, the quasi-Fermi levels are effectively flatten across the film. The
quasi-Fermi level only bents when the voltages are low enough, and most of the electrons rapidly
drained to external circuit. Further more, the electron flux on the point x = 0 gives the photocurrent
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Figure 2.12. Quasi-Fermi Level Profile Under Various Applied Voltage
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density of the device. Therefore, it  is also possible to calculate the entire I-V curve from those
equations above, which will be discussed in the following section.
 2.4.2 A View in Millimeter Scale: Series and Shunt Resistance
As shown in the previous section,  once given a voltage,  it  is possible to determine the current
density  using  the  equations  above.  However  those  equations  covers  too  much  details  which
consume a lot of computing resources. On the other hand, in a view in millimeter scale, these details
are unnecessary. For example, it is impossible to observe the electron distribution profiles across
TiO  film in millimeter scale; what one cares about is how much photocurrent will it be for any₂
given  light  intensity  and  voltage.  As  a  result,  one  may  consider  the  TiO  film,  the  dyes,  the₂
electrolyte  and  the  counter  electrode  as  a  whole.  Those  charge  transfer  process  discussed  in
previous sections (eqn.  2.3) can be integrated over the TiO  film. For example, electron injection₂
will be:
(2.15)
where Iinj is the injection current collected by the FTO film, q is the elementary charge, A is the
working area, d is the TiO  film thickness, and r₂ inj is the injection rate defined in eqn. 3. From this
equation it is clear that the injection current depends only on the working area, the film thickness,
the incident light and the dye, but have no relationship to the external voltage applied.
The injection current has a simple and clear equation, but the situation of recombination is rather
complex: it involves integrating eqn.  2.4 over the TiO  film. However, this is not very necessary,₂
because usually the recombination current can be modeled with a simple Shockley diode equation
with very high accuracy:
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(2.16)
where IS is the saturation current of the diode, and m is an ideality factor, whose value equals to 1
for an ideal diode. Therefore the obtained photocurrent I* is:
(2.17)
the photocurrent and photovoltage, however, is not the one measured by the instrument. As shown
in Figure 2.13, the directly measurable photocurrent and photovoltage should be:
(2.18)
where Rs and Rp are the series and shunt resistance, respectively. Rs can be seen as the resistance of
the FTO film and wires that connect the device to the Autolab workstation, while Rp can be seen as
the recombination resistance between FTO and electrolyte. Together with eqn. 2.17, photocurrent I
was found as a function of photovoltage V by solving this equation with a numerical algorithm, as
shown in Figure 2.14. A close comparison between this simulated result and the experimental result
in Figure 2.5 suggests a good agreement, indicating that the discussions above are valid.
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Figure 2.13. Series and Shunt Resistance
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 2.5 Conclusions
In this study, an asymmetric free-standing flexible TiO  film was prepared using a simple doctor-₂
blade method. Flexible DSSCs were fabricated by transferring the free-standing films onto ITO-
PEN substrates without any pretreatments to the substrates. The energy conversion efficiency of the
flexible  DSSC  is  5.47%.  Electrical  impedance  analysis  showed  good  connection  between  the
transferred film and its substrate.
Future works in this area include extending the transfer method to solid-state DSSCs to make them
flexible as well, and improve the performance of NW based DSSCs by means of modifying the
band structure of NW using methods such as dopping of other elements like aluminum, which will
be discussed in chapters 4 and 5, respectively.
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Figure 2.14. Simulated I-V Curve
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 CHAPTER 3 FLEXIBLE SOLID-STATE DSSCS ON 
TITANIUM FOILS
 3.1 Introduction
Lightweight and flexible solar cells have attracted great attention among scholars because of the
increasing demand for portable power supplies for laptops, tablets, mobile phones, etc. Moreover,
low cost and high productivity roll-to-roll mass production becomes possible only if conventional
rigid substrates are replaced by flexible materials.1–3 Currently, two kinds of flexible substrates are
widely used in flexible DSSCs: plastic substrates and metallic foil substrates. Plastic substrates are
light  weighted  and  inexpensive,  but  they  cannot  bear  the  temperatures (at  least  450  °C) in
traditional DSSC fabrication process. The high temperature processes are even critical in solid-state
DSSCs, which make plastic substrates very challenging to be utilized.  Unlike plastic substrates,
metallic  foil  substrates  (e.g.  titanium or  stainless  steel  foils)  do  not  have  such  limitations  on
processing temperatures. Therefore, they have been used as replacements of plastic substrates to
fabricate flexible DSSCs in some recent studies. For example,  in 2006, S.  Ito  et al. reported a
flexible  DSSC using  titanium foil  as  substrate  with  a  7.2% energy  conversion  efficiency.4 As
metallic foils are not transparent, the incident light can only come from the back side of the solar
cell rather than from the front side as in normal DSSCs.  This “back-illumination” configuration
caused as much as 30% of energy loss due to the absorption of incident light by counter electrode
and electrolyte.4 
As described in chapter 1, despite their great success, DSSCs that contain I /I  redox in liquid⁻ ₃⁻
electrolytes are facing some long-term stability issues, which include the corrosion of platinum
counter electrode by iodine in electrolyte, evaporation of volatile compounds (organic solvent and
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some additives),  and  electrolyte  leakage  caused  by  imperfect  sealing.  Solid-state  DSSCs  were
subsequently  introduced  to  overcome these  problems.  In  a  solid-state  DSSC,  the  electrolyte  is
replaced by a solid hole-transporting material (HTM) such as CuSCN,5 2,2’,7,7’-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9’-spirobifluorene  (spiro-MeOTAD),6 poly(3-hexylthiophene)  (P3HT)7
and  poly(3,4-ethylenedioxythiophene)  (PEDOT).8 Among  those  HTMs,  in  situ photoelectro-
polymerized PEDOT was chosen as the desired material through out this thesis project because its
excellent hole mobility and transparency.
Besides  the  HTM,  there  are  also  several  major  differences  between  a  solid-state  DSSC and a
traditional “liquid” DSSC, most notably being the compact  TiO  ₂ layer. A compact layer is a thin
layer (usually about 100 nm) of crystalline  TiO  film that lies between the conductive layer (e.g.₂
FTO) and the porous TiO  film.₂  This layer is critical for a solid-state DSSC: any holes or defects in
it  will  cause  physical  contact  between  HTM and TCO,  which  in  turn  causes  severe  electrical
leakage (recombination) and energy loss. A compact TiO  layer that is not thick enough also has₂
recombination issue between HTM and TCO layers. On the other hand, one that is thicker than
optimum will introduce an unnecessary series resistance to the solar cell, which lowers the device's
performance. In contrast, a traditional “liquid” DSSC usually works well without the compact layer,
because the relatively high over-potential of I /I  redox on bare FTO automatically and effectively⁻ ₃⁻
prevents the recombination between electrolyte and the free electrons in the TCO layer.
Although  both  flexibility  and  non-volatility  are  important  to  the  future  of  DSSC,  it  become
extremely difficult when one tries to combine the two benefits together, and several issues need to
be addressed before a flexible solid stat DSSC can be made. The major problem of using a piece of
plastic substrates in a solid-state DSSC is the fabrication temperature again, which is quite similar
to the problem described in the first paragraph, because just like the porous TiO  layer, the compact₂
TiO  layer  used  in₂  a  solid-state  DSSC is  traditionally  also  deposited  under  high  temperatures,
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usually 450 °C. 
Because  of  this  similarity,  the  methods  mentioned  in  the  first  paragraph  can  also  be  used  to
overcome the difficulty of fabricating compact  TiO  layers.  ₂ For example, metal foils do not have
such  strict  limitations  on  processing  temperature.  The  only  obvious  problem  of  a  metal  foil
substrate is the back-illumination issue: metal foils are not transparent, therefore the incident light
will  have  to  come  from  the  back  side,  i.e.  the  counter  electrode  side.  In  previous  works  on
traditional electrolyte based DSSCs, it was estimated that this “back-illumination” configuration
caused as much as 30% of energy loss due to the absorption of incident light by electrolyte and
counter  electrode.4 In the case of back-illuminated solid-state DSSCs, the incident light will  be
absorbed by HTMs instead of liquid electrolytes. Unlike electrolytes, the absorption coefficient of
HTMs are usually much higher, yet have little contribution in generating electricity.9 To make things
even worse, usually the counter electrode used in a solid state DSSC is much thicker than that used
in a liquid-electrolyte based DSSC, and absorbs even more incident light in the back-illumination
configuration.
As a result, in this work, the HTM and counter electrode were carefully optimized to make flexible
solid-state DSSCs. The HTM discussed in this thesis chapter is poly(3,4-ethylenedioxythiophene)
(PEDOT). The overall energy conversion efficiency of a flexible solid-state DSSC was determined
to  be  0.6%,  and  the  mechanisms  and  limitations  of  the  back-illumination  configuration  was
discussed in detail.
 3.2 Methods
 3.2.1 Preparation of Titanium foil substrate
The titanium foil was polished carefully prior to use. Three grades of sandpapers were used for
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polishing: P400, P800 and P1200, where larger number means finer particles and smoother surface.
A piece of titanium foil was polished with P400 sandpaper for 40 min, then P800 for 20 min, and
P1200 for 60 min. After these processes, a shining, smooth, mirror like surface was obtained.
The compact  TiO₂ layer  was deposited  on the polished surface of  titanium foils  using aerosol
pyrolysis method. Namely, the titanium foil was heated at 450 °C for 30 min, followed by directly
spraying 200 μL of precursor solution under an oxygen flow of 0.08 L/min for 6 cycles, with 2 min
of annealing between each two cycles. The substrates were then kept at 450 °C for another 15 min
and cooled to r.t. The precursor solution was prepared by adding 200 μL of acetyleacetone (abbr.
acac)  into  280  μL of  titanium isopropoxide  drop wisely  under  vigorous  stir,  then  diluting  the
mixture into 5 mL with ethanol.
The conductive layer is usually patterned when operating on a FTO-glass substrate by etching some
part of the FTO films.8 However, it is impossible to turn the metallic titanium foil into an insulator
via etching method. As a result, a thin insulating layer was deposited on some part of the substrate
above the compact TiO  layer. The insulating layer used in this chapter is a layer of compact MgO₂
film deposited using aerosol pyrolysis method, whose procedure is exactly the same as the compact
TiO  layer except for replacing the Ti precursor with Mg precursor magnesium acetate.₂
 3.2.2 Fabrication of DSSCs
The doctor blade technique was used to fabricate the photoanode on the working electrode. In this
technique, both edges of the substrates were covered with a layer of 3M scotch tape, leaving a gap
of approximately 1 cm. Commercial TiO  paste (Ti-Nanoxide T/SP, Solaronix) was applied to one₂
of the adjacent  bare edges of  the substrates and spread evenly over  the exposed surface using
another clean piece of glass. The electrodes were then sintered at 125 ºC, 325 ºC, 375 ºC and 450 ºC
for 20 minutes each to remove the solvents and polymers in the TiO  paste and to improve the₂
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electronic contact between the TiO  nanoparticles.₂
A TiCl  treatment of the photoanode was then carried out. The substrates were immersed in a 40₄
mM aqueous TiCl  solution at 70 ºC for 30 min, and then rinsed with distilled water and ethanol,₄
Followed by heating at 450 ºC for 30 min.
Dye  adsorption  was  achieved  by  soaking  the  FTO substrates  in  a  acetonitrile  and  tert-butanol
(volume ratio 1:1) solution containing 0.3 mM D149 dye solution and 0.3 mM chenodeoxycholic
acid  as  a  co-adsorbent.  The soaking was performed at  room temperature  for  2  hours,  then  the
substrates were removed from the dye solution, washed with acetone and blown dry with pure N₂
gas.
To prepare the counter electrode for photoelectropolymerization, FTO glass substrate (15 Ω/□) was
cleaned as per the cleaning procedure used for the working electrode, then a layer of platinum Pt
was deposited on the surface of the counter electrode. 80 μL of 0.3 mM H PtCl  in iso-propan-2-ol₂ ₆
was added to the surface and spin-coating at 3000 rpm for 30 seconds to form a thin, uniform film.
The  counter  electrodes  were  then  heated  to  385  ºC  for  10  min  to  evaporate  the  solvent  and
decompose the platinum precursor. Compared to the counter electrode used in a normal liquid-
electrolyte based DSSC, the counter electrode used here contains less platinum, because of the
higher spin rate during spin-coating. The reason is that a thinner platinum coating will let more
incident light go through it during the photoelectropolymeriztion process, and the current used for
the polymerization will be smaller than a working DSSC, so that a thinner platinum layer will be
sufficient.
The photoanode and the counter electrode were then clipped together forming a sandwich-like cell,
which was used for photoelectropolymerization. A piece of parafilm was used as a spacer between
the  two  electrodes.  The  monomer  solution,  saturated  bis-EDOT in  acetonitrile  with  0.1  M  of
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LiClO , was injected into a sufficiently large hole in the middle of the spacer. The polymerization₄
was conducted by applying a constant current density of 10 mA/cm² on the polymerization cell.
Therefore the amount of polymer was directly controlled by polymerization time. 
 3.2.3 Characterization of Pretreated Titanium Foils and DSSCs
The morphologies of grown and deposited compact TiO  layers were determined through a field₂
emission scanning electron microscopy (FESEM; Jeol JSM-6700F).
The thickness of the photoanode was measured using a needle profilometer. Measurements were
based on the thickness of the DSSC with the highest conversion efficiency among the three cells
fabricated for each data point.
Photovoltaic measurements were made with a 300 W Xeon lamp with an AM 1.5 filter, which
provided illumination from the rear side of the device, that is, the counter electrode side. The power
of the simulated light was calibrated to 100 mW/cm² using a reference Si photodiode. I-V curves
were obtained by applying an external bias to the device and measuring the photocurrent generated
with an Autolab PGSTAT 320N Potentiostat electrochemical workstation. The applied external bias
started at the VOC, as measured by the Autolab setup, and was gradually decreased towards zero V at
a rate of 0.02 V/s. All DSSC were covered with a mask during the measurement, such that the
effective area receiving the illumination was 0.15 cm².
Electrical  impedance  spectroscopy  was  also  measured  using  the  Autolab  electrochemical
workstation. The solar cell was placed in exactly the same illumination as that used to measure I-V
curve. The impedance data were collected by applying the same bias as  VOC plus a series of sine
wave, whose frequencies were in the range from 100 kHz to 0.1 Hz.
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 3.2.4 Variations of the Methods
To prepare the working electrode used in control experiments, FTO glass substrates (15 Ω/□) were
first cleaned by wiping with tissue containing ethanol, and then etched into the desired pattern with
zinc powder and 1 M HCl solution. Then the substrates were cleaned in distilled water, followed by
detergent, acetone and distilled water again, in a sonicator for 30 min each. The obtained substrates
were  then  used  for  deposition  of  compact  TiO  layer,  doctor-blading,  dye  soaking  and₂
polymerization following the same procedure as described above.
Because the control devices were fabricated on FTO-glass substrates, it was possible to shade light
from both side. As a result, both front and illuminated data were collected.
A compact TiO  layer will be automatically grown on the surface of titanium metal when heating in₂
the air, with the thickness vary with the temperature used. As a result, several different devices
using titanium foil substrates were fabricated at 450 ºC, 500 ºC and 550 ºC, respectively.
 3.3 Results
 3.3.1 Optimization on FTO-Glass Substrate
The obtained I-V curves for front and back illuminated devices were shown in Figures 3.1 and 3.2,
respectively, with the parameters summarized in Tables 3.1 and 3.2, respectively. It can be seen that
the  performances  of  the  550  °C  sintered  devices  were  the  best  under  both  front-  and  back-
illumination.  This  is  possibly  because  higher  sintering  temperature  provides  better  necking
connections between TiO  nanoparticles, which in turn improves the electron transportation in the₂
TiO  film.₂
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Figure 3.2. I-V curves of PEDOT DSSCs under back-side 100 mW/cm² AM1.5 illumination with
TiO  porous electrodes sintered at 450 °C (blue dotted line), 500 °C (red dashed line) and 550 °C ₂
(black solid line).

























Figure 3.1. I-V curves of PEDOT DSSCs under front-side 100 mW/cm² AM1.5 illumination with 
TiO  porous electrodes sintered at 450 °C (blue dotted line), 500 °C (red dashed line) and 550 °C ₂
(black solid line).
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The electrical  impedance spectroscopy was measured under  100 mW/cm² AM 1.5 illumination.
Figure 3.3 shows a typical Nyquist plot with two semi-circles. The smaller semi-circle on the left
has higher frequencies, and is contributed to the interface between PEDOT and counter electrode;
while the bigger semi-circle on the right has lower frequencies and should be contributed to the
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Figure 3.3. Nyquist plot of the impedance data collected under AM 1.5 illumination and VOC bias, 
showing two semicircles.
Table 3.2. the photoelectrical performance of PEDOT DSSCs under backside 100 mW/cm² AM1.5 
illumination with TiO  porous electrodes sintered at different temperature.₂
Temperature (°C) JSC (mA/cm²) VOC (mV) FF η (%)
450 3.0 684 0.73 1.5
500 4.3 670 0.73 2.1
550 4.8 700 0.72 2.4
Table 3.1. the photoelectrical performance of PEDOT DSSCs under frontside 100 mW/cm² AM1.5 
illumination with TiO  porous electrodes sintered at different temperature.₂
Temperature (°C) JSC (mA/cm²) VOC (mV) FF η (%)
450 7.0 750 0.68 3.6
500 7.9 762 0.67 4.0
550 8.3 758 0.67 4.2
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TiO /D149/PEDOT interface. The frequency at 1585 Hz was used to calculate the apparent electron₂
life time using the following equation:
(3.1)
where τn and f are the electron lifetime and the frequency reading in the Nyquist plot, respectively.
The apparent electron lifetime is determined to be 1.0 ms, which is about two orders of magnitude
smaller than that of the liquid-electrolyte based DSSCs discussed in chapter 2.
 3.3.2 Pretreatment of Titanium Foil
As shown in Figure 3.4, the top surface of a piece of titanium foil become smooth after polished by
fine sand paper, but it is difficult to completely eliminate all the scratches. These defects will cause
the grown compact TiO  layer vary in thickness at different sites, which may in turn affects the₂
performances of solid state devices, which are highly sensitive to the condition of compact TiO₂
layer. Depositing a secondary compact TiO  layer via aerosol pyrolysis method could improve it,₂
but still cannot resolve this issue. 
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Figure 3.4. The top surface of a polished Ti foil, showing the scratches caused by sand paper
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 3.3.3 Photoelectropolymerization on Titanium Foil
The in situ photoelectropolymerization of PEDOT was conducted on photoanodes based on flexible
titanium  foil  substrates,  and  the  performance  of  the  obtained  device  is  shown  in  Figure  3.5.
Compared to those on FTO-glass substrates, Ti foil based devices has a much lower VOC (0.44 V vs
0.7 V), which might be caused by the defects on the Ti foil shown in previous section. The overall
energy conversion efficiency of the flexible solid-state DSSC is 0.6%.
 3.4 Discussion
In order to understand the reason why the back-illuminated configuration is not working on the Ti-
foil based flexible solid-state DSSC, some theoretical modelings were performed using the models
introduced in  Chapter  2,  with  the  electron  density  profiles  in  both  front-  and back-illuminated
configurations compared and discussed in details.
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Figure 3.5. I-V curve of PEDOT DSSCs on Ti plate under backside 100mW/cm² AM1.5 
illumination with TiO  porous electrodes sintered at 550 °C.₂
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 3.4.1 Assumptions and Approximations
When discussing the mechanisms in a solid-state DSSC, there are several issues that need to take
care of:
1. Unlike an electrolyte with high-concentration of redox couple, it is relatively difficult for a
HTM such as PEDOT in a solid-state DSSC to maintain a very stable Fermi level across the
device  under  working  condition.  This  is  caused  by  the  natures  of  electrolytes  and
semiconductors. However, for simplicity, it can still be assumed that the Fermi level is stable
in PEDOT. This assumption is valid because of the good conductivity of PEDOT: it has a
good hole-mobility, and the  in situ polymerized PEDOT is highly doped,  i.e. its  carrier-
density is high.
2. In an electrolyte-based DSSC, the electrons in TiO  conduction band are transported by₂
diffusion, while drifting has only a neglectable contribution. That is, the major driven force
of the electron transportation is the concentration gradient of electrons, rather than electric
field force. This is because TiO  nanoparticles are too small to build a significant electric₂
field in it, while the high-concentration of ions in the electrolyte shielded the electric field
outside TiO  nanoparticles. While in the case of solid-state DSSC, the HTMs are not as₂
good  as  electrolytes  in  terms  of  shielding  electric  field.  Again,  because  of  the  good
conductivity of PEDOT, it is assumed that the electric field is shielded, and the electrons are
driven by concentration gradient only.
3. In a bulk, perfect single crystal TiO , there are no electrons or vacancies within the band₂
gap. However, the situation is different in a piece of nanocrystalline TiO  film that one may₂
find in a DSSC. The nanocrystalline TiO  film contains a lot of electron traps, whose energy₂
lies just below TiO  conduction band. Therefore, most of the electrons that are injected into₂
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the conduction band are trapped. The electron distribution in the trap sites and conduction
band are governed by Fermi-Dirac distribution:
(3.2)
where f(E) is the distribution function, i.e. the probability to find a particle whose energy is
E; EF is the Fermi energy of the system, kB is the Boltzmann constant, and T is the system's
temperature.  When T is  not  very  high,  0-K approximation  can  be  used  to  simplify  the
equation, i.e. assume f(E) equals to 1 when E ≤ EF or 0 when E > EF.
4. According to the trapping-detrapping model, the apparent electron diffusion coefficient Dn
changes along with the quasi-Fermi level. It is believed that the electron diffusion is mainly
contributed  by  the  “untrapped”  electrons  in  the  conduction  band,  because  the  trapped
electrons can only move around via tunneling effect, i.e. jumping from one trapping site to
another one without detrapped, which is relatively difficult. Therefore the apparent diffusion
coefficient is determined by the ratio of densities of “untrapped” electrons to trapped ones.
However, for simplicity reason, in the following discussions, Dn is still assumed constant.
Similarly, the apparent electron life time is also assumed constant.
5. Compared to dyes such as D149, the adsorption of PEDOT is very weak. Moreover, the total
amount of in situ polymerized PEDOT is very small: it only forms a thin layer of coating in
the pores of TiO  film rather than full fill the pores. As a result, incident light adsorption of₂
PEDOT is neglected in the following discussions.
 3.4.2 Limitations of Back Illumination
It  is  expected  that  in  a  back  illumination  DSSC,  the  photocurrent  will  drop  because  of  the
absorption of photons by counter electrode and HTMs. However, it is previously unexpected that
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the problems caused by back illumination are much more than simply light absorption: the profile
of electrons that are injected into TiO  conduction band also differs greatly from the traditional₂
front illuminated devices. 
More specificity, in a front illuminated device, due to the absorption of incident photons by dye
molecules, an exponential decay can be found for the density of photons across the device from its
front to the back, i.e. the light intensity is stronger in the front part of the device than in the back. A
similar decaying curve can be observed for the density of electrons injected into TiO  conduction₂
band. This is straightforward because higher light intensity will cause more electrons being exited
and injected.  Although many other factors such as recombination rate will  affect the density of
electrons, it is still generally true that higher light intensity leads to higher electron density. As a
result, more electrons are generated in the front of the device, and are readily collected by FTO,
which also sits in the front. On the other hand, though most of the electrons do not need to transport
a long distance before they reach FTO, most of the holes do need, because the counter electrode is
in the back side. Thus the hole transporting in a (front-illuminated) solid-state DSSC is usually the
limiting factor of their performance, and the choice of HTM is always one of the most important
issues in solid-state DSSC fabrication.
The situation is completely different in a back-illuminated device. In this case, the incident light
comes from the back side, hence most of the electron / hole pairs are generated in the back side. As
a result, the average transportation distance for electrons become longer for electrons than holes,
and electron transportation becomes a major limiting factor in a back-illumination DSSC. As a
result, the optimized thickness of the porous TiO  film in a back illumination DSSC is thinner than₂
that in a front illuminated one (3 µm v.s. 5 µm). 
The  difference  between  front  and  back  illumination  can  be  explained  more  clearly  using  the
modeling results shown in Figures  3.6-3.9. The two major effects of back illumination, counter
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electrode absorption and difficulty  in  electron transportation,  can be clearly separated here.  By
intentionally increase the incident light intensity of a back illuminated device, the absorption of
counter electrode can be canceled. By comparing the “Front” curves with the “Back Strong” curves
in  these  figures,  one  may  understand  how  difficult  the  electron  transportation  is  in  a  back
illuminated device; while by comparing the “Back Strong” curves with the “Back” ones, one may
see how the absorption of counter electrode effects devices' performances.
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Figure 3.6. Profiles of electron densities across TiO  films with thicknesses of 5, 4, 3 or 2 μm, ₂
respectively, under short-circuit condition. Given an imaginary point within the TiO  film, the value₂
on x-axes shows the distance from this point to the FTO layer, while the value on y-axes shows the 
density of electrons in TiO  conduction band (and trapping sites) around the given point. A solid ₂
line in the figure means the profile in a front illuminated device, i.e. the light comes from FTO 
layer; a dash-doted line means the profile in a back illuminated device, where the light intensity is 
intentionally increased in order to cancel the adsorption of platinum counter electrode; a dashed line
means the profile in a back illuminated device with a standard light intensity.
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Figure 3.7. Profiles of quasi-Fermi levels across TiO  films with thicknesses of 5, 4, 3 or 2 μm, ₂
respectively, under short-circuit condition. Given an imaginary point within the TiO  film, the value₂
on x-axes shows the distance from this point to FTO layer, while the value on y-axes shows the 
quasi-Fermi level at the given point. A solid line in the figure means the profile in a front 
illuminated device, i.e. the light comes from FTO layer; a dash-doted line means the profile in a 
back illuminated device, where the light intensity is intentionally increased in order to cancel the 
adsorption of platinum counter electrode; a dashed line means the profile in a back illuminated 
device with a standard light intensity.
Flexible Solid-State DSSCs on Titanium Foils
93
Figure 3.8. Profiles of photocurrent densities across TiO  films with thicknesses of 5, 4, 3 or 2 μm, ₂
respectively, under short-circuit condition. Given an imaginary point within the TiO  film, the value₂
on x-axes shows the distance from this point to FTO layer, while the value on y-axes shows the 
photocurrent density around the given point. A solid line in the figure means the profile in a front 
illuminated device, i.e. the light comes from FTO layer; a dash-doted line means the profile in a 
back illuminated device, where the light intensity is intentionally increased in order to cancel the 
adsorption of platinum counter electrode; a dashed line means the profile in a back illuminated 
device with a standard light intensity.
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 3.5 Conclusion
This chapter focuses on a method involving fabricating flexible dye-sensitized solar cells (DSSCs)
with  in situ polymerized poly(3,4-ethylenedioxythiophene) (PEDOT) as a hole-conductor, which
combines  the  benefits  of  both  flexible  DSSCs  and  solid-state  DSSCs  together.  As  a  first-step
exploration in this completely new kind of DSSC, in this chapter, titanium foils were chosen as the
substrate of DSSCs. The reason of this choice is: compared to the more commonly used plastic
substrates in the area of flexible DSSCs, titanium foils were found less challenging when being
applied with solid state DSSC fabrication procedure. The devices were fabricated successfully, and
some positive results  were obtained. However, due to some other limitations introduced by the
titanium foil as well as the solid state system, DSSCs with this kind of structure were found far
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Figure 3.9. Simulated JSC at different TiO  film thicknesses. Solid line: front illuminated device, i.e.₂
the light comes from FTO layer. Dash-doted line: back illuminated device, where the light intensity 
is intentionally increased in order to cancel the adsorption of platinum counter electrode. Dashed 
line: back illuminated device with a standard light intensity.
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from  perfect.  The  limiting  factors  were  analyzed  in  depth  in  this  chapter,  and  an  alternative
approach for fabricating flexible solid-state DSSCs were introduced in next chapter.
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 CHAPTER 4 FLEXIBLE SOLID-STATE DSSCS ON PLASTIC 
SUBSTRATES
 4.1 Introduction
Flexible solid-state DSSCs are important, which combine the benefits of flexible DSSCs and solid-
state DSSCs. In order to meet the markets'  increasing demand for low-cost and portable power
supplies, currently, two types of substrates are widely used in flexible DSSCs:1–3 plastic substrates
and metallic foil substrates. In Chapter 3, we showed that metal foils were not very suitable for
flexible solid-state DSSCs.4 In contrast, plastic substrates are transparent, and more light weighted
than metal foils. However, the major problem of plastic substrates is that they cannot bear the high
temperature (at least 450 °C) in the traditional DSSC fabrication process. 
The high temperature processes used in the fabrication of porous TiO  films and the compact TiO₂ ₂
films are critical in solid-state DSSCs, which make plastic substrates very challenging to be utilized.
Several approaches were proposed in this chapter to solve the issue of compact TiO  layer. These₂
approaches with their benefits and problems are discussed in details. Flexible solid-state DSSCs
with energy conversion efficiencies of 1.01% were obtained using ALD-deposited compact TiO₂
layer.
 4.2 Methods
 4.2.1 Preparation of Free-Standing NW Films
The nanowire (NW) films were fabricated using the same method as described in chapter 2. For big
TiO  NWs, 1.5 g of TiO  nanoparticles (Degusa P25) were mixed with 150 mL of 10 mol/L NaOH₂ ₂
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(Sigma-Aldrich, ACS reagent, ≥97.0%) aqueous solution, and kept in a 500 mL autoclave at 180 °C
for 20 h. For NW110s, the synthetic condition was the same as NW180s, except that the reaction
temperature was 110 °C, and a 250 mL flask with reflux and vigrous stir was used instead of an
autoclave.
The resulting white, milky suspensions were washed for several times with milli-Q water until their
electrical conductivities dropped to 70 μS/cm. The washing procedure contains three steps: 1) The
suspension was centrifuged at 7500 rpm for a certain period of time to separate the solid phase
(aluminum-doped TiO  nanostructure) from the liquid phase (water and NaOH). 2) The liquid phase₂
was discarded, with the solid phase mixed with fresh deionized water. 3) The fresh mixture was
then sonicated and vigorously stirred to allow the TiO  nanostructures disperse uniformly in water.₂
The electrical  conductivities were measured by a conductivity probe connecting to an AutoLab
electrochemical workstation.
After washing, the suspensions were then acidified by adding 1 M HCl (Fluka) solution dropwisely
until their pH reaches 2. The suspensions were then stirred overnight to exchange the Na  ions⁺
remaining in the lattice of TiO  with H  ions. Then they were washed again with milli-Q water until₂ ⁺
their conductivities were below 10 μS/cm. This was followed by washing with ethanol for three
times to replace the solvent. The final products were white, milky suspensions containing only NWs
and ethanol. These suspensions were used for characterization and DSSC fabrication.
Two kinds of ethyl cellulose (EC) powder (#46070, Sigma-Aldrich; and #46080, Sigma-Aldrich)
were dissolved in ethanol to obtain 10 wt% solutions. The solutions were stirred at 50 ºC for 24
hours to achieve homogeneity. 
Thereafter,  the  EC  solutions  were  mixed  with  terpineol  (Sigma-Aldrich)  and  the  nanowire
suspension  prepared  in  section  2.2.1  and  vigorously  stirred  overnight,  followed  by  removing
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ethanol with a rotary-evaporator at 40 ºC, 50 mbar. The obtained mixture contained 18 wt% TiO , 5₂
wt% EC #46070, 4 wt% EC #46080, and 73 wt% terpineol. This mixture, or “paste”, was used for
the fabrication of DSSCs. The paste that contains NW180s is noted as “NW180 paste”, while the
one that contains NW110s is noted as “NW110 paste”.
These pastes were used to fabricate free-standing TiO₂ films. A piece of glass substrate was cleaned
in an ultrasonicator with DI-water, acetone and then DI-water, respectively, each for 30 min. Then,
NW180 paste was spread on the substrate using doctor blade method, followed by heating at 80 ºC
for 15 min to remove solvents. NW110 paste was then spread on top of the dried NW180 paste. The
glass substrate was then heated at 80 ºC, 125 ºC, 325 ºC, 375 ºC and 550 ºC, respectively, each for
20 min, and cooled down to room temperature.
The TiO₂ film was automatically lifted off from the glass substrate during cooling. Then the film
was immersed in 25 mL of 80 mM TiCl₄ solution at 70 ºC for 30 min, followed by washing with
DI-water and ethanol, and then heating at 450 ºC for 30 min. A special tool (see Chapter 1) made of
copper wire was used to lift the film out of liquids without breaking it. During heating, the free
standing film was placed between two pieces of glass substrates in a sandwich structure, which
prevented the thin TiO₂ film from curving or rolling up.
 4.2.2 Transferred Compact TiO  Layers₂
Inspired by the idea that the porous TiO  films can be obtained by the transfer method, a method₂
involving transfer the compact TiO  film along with the porous film was tested. The compact TiO₂ ₂
film was directly deposited on top of the NW110 side of a piece of asymmetric TiO  NW film. Then₂
the film was transferred to a secondary substrate (either ITO-PEN or FTO-glass), with the compact
layer side of the NW film facing the substrate.
The compact TiO₂ layer was deposited on the NW110 side of the free-standing NW film using
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aerosol pyrolysis method. Namely, the film was heated at 450 °C for 30 min, followed by directly
spraying 200 μL of precursor solution on it under an oxygen flow of 0.08 L/min for 6 cycles, with 2
min of annealing between each cycle. The substrates were then kept at 450 °C for another 15 min
and cooled to r.t. The precursor solution was prepared by adding 200 μL of acetyleacetone (abbr.
acac) into 280 μL of titanium isopropoxide dropwisely under vigorous stiring, then diluting the
mixture into 5 mL with ethanol.
The initial  try of fabricating compact TiO  layer on plastic substrate in this experiment was to₂
continue with the transfer method introduced in Chapter 2. Namely, the compact TiO  layer was₂
deposited on top of porous TiO  film using the aerosol pyrolysis method, then the free-standing film₂
with compact layer was attached to a piece of plastic substrate and pressed. Although the free-
standing films can be automatically lifted-off, which were readily to be transferred onto plastic
substrates under pressure (Chapter 2), however, this approach did not work in this experiment: the
films were unable to be transferred. The reasons will be discussed in detail later.
 4.2.3 Transferred Compact TiO  Layers with Home-Made FTO Layer₂
In order  to overcome the difficulty  in  section  4.2.2,  a modified transfer  method was proposed,
where  a  home-made  FTO  layer  was  used  instead  of  the  ITO-PEN  substrate  to  improve  the
connection between the compact layer and the transparent conductive oxide (TCO) layer.5 More
specifically, the cross-sectional structure of the free-standing film became FTO / compact- TiO  /₂
small-NW / big-NW. A flexible photoanode was then obtained by simply adhering a piece of plastic
film on top of FTO layer under heat.
The FTO precursor solution used in this method was prepared as follows: 0.150 mol (0.127 g)
NH F was  disolved  in  3.00  mL of  water  for  later  use.  0.200 mol  (0.540  mL)  tin(IV)  cloride₄
anhydride (SnCl ) was slowly added and disolved in 20.0 mL of ethanol using a syringe with a₄
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needle in an ice bath under vigrous stiring. Then the NH F solution was added slowly. The FTO₄
layer was obtained via aerosal pyrolysis method as shown in the prevoius section, with 7~10 cycles
of spraying 200 μL of the said precursor solution on top of the compact TiO  layer under 450 °C. ₂
After cooling to r.t., the film with a “FTO / compact-TiO  / small-NW / big-NW” structure was₂
transferred onto a piece of transparent hot-melt resin (Solaronix) by clipping them together and kept
under 140 °C for 4 min.
An edge of the transferred flexible photoanode was carefully scratched with a knife in order to
expose the FTO layer, then a wire was adhered on it with a conductive silver paste. Alternatively, a
piece of thin aluminum wire can be inserted between the hot-melt resin and the FTO layer prior to
the transfer process, so that the wire could connect to the FTO layer and conduct photocurrent to
external circuit.
 4.2.4 Compact TiO  layers Made of 2 nm TiO  Nanoparticles₂ ₂
Inspired by the fact that the so-called compact TiO  layers obtained via aerosal pyrolysis method₂
were not truly compact but made of tiny (~2 nm) TiO  nanoparticles,₂ 5 it was proposed to synthesize
nanoparticles elsewhere and spin-coat them on top of flexible substrates to form a “not-so-compact”
compact TiO  layer, which was not a truly compact film, but contains quite a lot of tiny holes; but₂
the holes should be very small that molecules can hardly penetrate.
The tiny and uniform TiO  nanoparticles were synthesized according to a method reported in the₂
literature.6,7 The precursor was prepared by adding 100 μL of acetyleacetone (abbr. acac) into 140
μL of titanium isopropoxide dropwisely under vigorous stiring, then diluting the mixture into 2.5
mL with ethanol and stirred at room temperature for 15 min. A clear, yellow solution was then
obtained, which contained acac-binded titanium isopropoxide. The precursor was then hydrolyzed
by adding nitric acid dropwise to decrease its pH to 2, and stirred overnight at 90 °C. The solution
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was muddy after nitric acid was added, but as the reaction proceeded, it suddenly became clear after
about three hours. The final product was a clear, yellow, stable colloid.
The colloid was then spin-coated onto a piece of FTO-glass or ITO-PEN substrate and dried at 100
°C for one hour. The obtained film was yellow because the nanoparticle surface was binded by acac.
The organic compounds were then removed by expose the film under UV light, so that TiO  can₂
absorb photons and decomposite the organic compunds. The light source used here was a 300 W
Xeon lamp, and the exposure time was 24 h. After the UV treatment, the yellow color of the film
disappeared. The film was then treated by a UV ozone cleaner for 20 min.
Atomic force microscope (AFM) was used to examine the obtained nanoparticles. The colloid was
diluted for a thousand times using ethanol, then dropped on a fresh surface of a piece of mica, and
dried at room temperature. 
 4.2.5 Compact TiO  Layers Obtained by Atomic Layer Deposition₂
Atomic layer deposition (ALD) is a thin film deposition method that is able to fine control the
growth of  film in  atomic  scale.  The film is  usually  grown from the  chemical  reaction  of  two
precursors (termed as precursors A and B, e.g. TiCl  and water in this experiment). The core part of₄
an ALD system is a vacuum chamber with a piece of substrate in it. During operation, the chamber
is evacuated, then a small amount of precursor A is injected, resulting a mono-layer of the precursor
molecule adsorbed on the substrate surface. The chamber is then purged and evacuated again to
remove excess of A, followed by the injection of precursor B. The two precursors are then react on
the surface of the substrate, and a film as thin as only one layer of atoms is formed. By repeating
this cycle, the film can grow layer by layer, thus thin films with arbitrary thickness can be obtained
by varying the number of cycles. This process can be summarized as following:
1. Put the substrate into the vacuum chamber and evacuate the chamber.
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2. Inject precursor A.
3. Purge / evacuate the chamber.
4. Inject precursor B.
5. Purge / evacuate the chamber.
6. Repeat steps 2-5 until desired thickness is obtained.
By  using  two  precursors:  TiCl  and  water,  TiO  thin  films  with  different  thicknesses  can  be₄ ₂
obtained  via  ALD  method.8 The  obtained  film  is  not  crystalline,  but  amorphous;  as  a  result,
compared to the “standard” compact TiO  layers obtained via aerosol pyrolysis method, the ALD₂
films have a lower conductivity. In order to obtain the same resistance,  its thickness should be
thinner. In fact,  the optimized thickness is only 30 nm, which is even less than 1/3 of the one
obtained via aerosol pyrolysis method.
Transfer of free-standing TiO  NW films onto ALD coated substrates is almost the same as the₂
procedure used for  transferring the said film onto uncoated substrates:  put  two pieces  of  films
together, press them hard under a pressure of 1.2 t/cm², and they will adhere to each other. In order
to obtain a better transfer quality, the pressure used here is doubled compared to the one used in
Chapter 2 (1.2 t/cm² vs 0.6 t/cm²).
 4.2.6 Photoelectropolymerization and DSSC Assembly
Dye adsorption was achieved by soaking the FTO substrates in a 0.3 mM D149 dye solution and 0.3
mM chenodeoxycholic acid co-adsorbent in a mixture of acetonitrile and tert-butanol (volume ratio
1:1) at room temperature for 2 hours. After soaking, the substrates were removed from the dye
solution, washed with acetone and blown dry with pure N  gas.₂
To prepare  the  counter  electrode  for  electropolymerization,  FTO glass  substrate  (15  Ω/□)  was
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cleaned as per the cleaning procedure used for the working electrode, then a layer of platinum Pt
was deposited on the surface of the counter electrode. 80 μL of 0.3 mM H PtCl  in iso-propan-2-ol₂ ₆
was added to the surface and spin-coating at 3000 rpm for 30 seconds was carried out to form a thin
and uniform film. The counter electrodes were then heated at 385 ºC for 10 min to evaporate the
solvent and decompose the Pt precursor.
The photoanode and the counter electrode were then clipped together to form a sandwich structure.
A piece  of  parafilm was used as  a  spacer  between the  two electrodes.  The monomer solution,
saturated bis-EDOT in acetonitrile with 0.1 M of LiClO , was injected into a sufficiently large hole₄
in  the middle of the spacer. The polymerization was conducted by applying a constant  current
density of 10 mA/cm² on the polymerization cell. Therefore the amount of polymer formed was
directly controlled by polymerization time. 
The counter electrode used in the final flexible device was a piece of platinum sputtered ITO-PEN
substrate, as described in chapter 2. The device was assembled by simply clipping the photoanode
and the counter electrode together.
 4.2.7 Characterization of DSSCs
The thickness of the photoanode is measured using a needle profilometer. Measurements are based
on the thickness of the DSC with the highest conversion efficiency among the three cells fabricated
for each data point.
Photovoltaic measurements were made with a 300 W Xeon lamp with an AM 1.5 filter, which
provides illumination from the rear side of the device, i.e. the counter electrode side. The power of
the simulated light was calibrated to 100 mW/cm² using a reference Si photodiode. J-V curves were
obtained by applying an external bias to the device and measuring the photocurrent generated with
an  Autolab  PGSTAT 320N Potentiostat  electrochemical  workstation.  The  applied  external  bias
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started at the VOC, as measured by the Autolab setup, and was gradually decreased towards zero V at
a rate of 0.02 V/s. All  DSSCs are covered with a mask during the measurement,  such that the
effective area receiving the illumination is 0.158 cm².
 4.3 Results
 4.3.1 Transferred Compact TiO  Layers₂
The compact TiO  layers growing on top of the NW110 layer are shown in ₂ Figure 4.1. with a) being
the bare surface of a piece of NW110 film, b) being compact layers after one cycle of aerosol
pyrolysis, and c) being that after three cycles. It was shown clearly that the pores in the NW110
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Figure 4.1. FESEM image of a). surface of NW110 film; b) compact TiO  layer grown on top of ₂
NW110 layer, after one cycle of aerosol pyrolysis; c) compact TiO  layer after three cycles of ₂
aerosol pyrolysis;  and d) home-made FTO layer grown on top of compact TiO  layer using aerosol ₂
pyrolysis method. 
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layer were gradually sealed during the deposition of compact layer. The compact layer will keep
growing and eventually form a hole-free film.
Unfortunately, after coating with a layer of compact TiO  film, the free-standing NW films were not₂
able to be attached to other substrates: the free-standing films with compact layers on top cannot be
transferred onto plastic  substrates even under  pressures  as high as  3 t/cm².  The reason will  be
discussed in detail in the following sections.
 4.3.2 Transferred Compact TiO  Layers with Home-Made FTO Layer₂
In order to solve the problems raised in the previous section, a modified transfer method with a
home-made FTO layer was used instead. The free-standing film used in this method has a FTO /
compact-TiO  / small-NW / big-NW structure, which does not have interfacial problem between₂
FTO and the compact TiO  layer. The transfer process was archived via adhering a piece of plastic₂
film on top of FTO layer under heat instead of using a hydraulic press, which has less dependency
on the surface condition of the free-standing film. As a result,  the photoanode was successfully
obtained, and PEDOT was polymerized in the photoanode.
However, the obtained devices all have low efficiencies of less than 0.1%. Their  VOC's  were all
lower than 0.3 V, with JSC's smaller than 1 mA/cm², and FF of ~30%. The low performances could
be attributed to the defects in the compact TiO  layer, which failed to block  ₂ bis-EDOT solution
from penetrating and connecting to the FTO layer. The defects in the compact TiO  layer could be₂
originated from two factors: 1) the compact layer was deposited on top of the porous NW film,
which was flexible and could introduce cracks to the compact TiO  layer. 2) the hot-melt resin may₂
expand and shrink during the transfer process because of the temperature change, which could also
introduce cracks to the compact TiO  layer.₂
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 4.3.3 Compact TiO  layers Made of 2 nm TiO  Nanoparticles₂ ₂
The AFM images of the nanoparticles are shown in Figures 4.2 and 4.3. It is worthy noting that the
accuracy of an AFM image is very high on the z-axis, but much lower on the x- and y-axises,
because only the z-axis is measured by its high-accuracy micro-arm and a laser probe, while the x-
and y-axis are simply controlled by low-accuracy piezoceramics. Therefore, if one assumes that the
obtained nanoparticles are tiny spheres, then their diameters can be determined from the z-axis of
the AFM image.
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Figure 4.2. AFM image of synthesized TiO  nanoparticles. The diameter can be determined from ₂
the z-axis to be 1~3 nm.
Figure 4.3. 3-dimentional view of the AFM image of TiO  nanoparticles. The z-axis is from -10 nm₂
to 10 nm.
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The problem of the compact film made from 2 nm particles is the presence of organic binders.
Exposure to the UV light could remove the yellow color of the film, which suggested that most of
the organic binders were decomposed. However, electrical resistance experiments on films that are
treated with a 300 W lamp overnight showed that their resistances are still not comparable to the
compact  film obtained with  high-temperature  aerosol  pyrolysis  method.  Neither  can  UV-ozone
treatment completely remove organic binders. 
 4.3.4 Compact TiO  Layers Obtained by Atomic Layer Deposition₂
The FESEM image of the compact TiO  layer obtained by ALD method is shown in Figure ₂ 4.4. It is
a smooth thin film on the substrate with some impurities. The ALD was conducted for 200 cycles,
with the thickness of the deposited compact TiO  layer being ~20 nm, as the growth rate is 0.1₂
nm/cycle.8 
The optimized thickness of the ALD deposited compact TiO  film was about 30 nm. Using the₂
ALD-coated  substrates,  photoelectropolymerization  of  bis-EDOT  could  occur  using  the  same
method as reported in the literature.9 As shown in Figure 4.5, the transferred DSSCs with PEDOT as
a  hole  conductor  and  ALD-coated  FTO-glass  as  the  substrate  showed  an  energy  conversion
efficiency of 1.33%, with a JSC of 2.81 mA/cm², a VOC of 0.925 V, and an FF of 51.2%, while the
flexible device with ALD-coated ITO-PEN substrate showed an energy conversion efficiency of
1.01%, with a JSC of 2.09 mA/cm², a VOC of 0.895 V, and an FF of 53.9%. 
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Figure 4.5. I-V curve of the solid-state DSSCs transferred onto ALD-coated FTO-glass substrate 
(blue dashed line) or ALD-coated ITO-PEN substrate (red solid line)
























Figure 4.4. FESEM image of the ALD coating on FTO-glass substrate.
Flexible Solid-State DSSCs on Plastic Substrates
The electrical impedance data are shown in Figure 4.6, from which one may find that there is only
one semicircle. This could be due to two reasons: the capacitances of the two elements, i.e. the
chemical capacitances at TiO /D149/PEDOT interface and PEDOT/counter-electrode, are too close₂
to  each  other,  and  the  two  semicircles  merge  together;  and  that  the  resistance  at  the
PEDOT/counter-electrode interface are relatively small because of the good conduction of PEDOT.
From the frequency reading shown in the figure, the apparent electron lifetime τn, was determined to
be 63 μs using the following equation:
(4.1)
where τn and f are the electron lifetime and the frequency reading in the Nyquist plot, respectively.
The value of τn here is much smaller as compared to those normally reported values, which are in
millisecond  scales.  Moreover,  the  Rct value  is  also  quite  small.  Therefore,  it  suggests  that  the
recombination rate between injected electrons in TiO  phase and the holes in PEDOT is quite fast,₂
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Figure 4.6. Nyquist plot of the electrical impedance spectra of a DSSC fabricated by transfering a 
piece of NW free-standing film onto an ALD-coated FTO-glass substrate
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which may explains why the efficiencies of the DSSCs are low.
 4.4 Discussion
 4.4.1 Transfer of Free-Standing TiO  NW Films with Compact TiO  layer Coated on ₂ ₂
NW110 Side
It was suggested that normally the NW110 side has a stronger adhesion force than the NW180 side;
and it was expected that by depositing a layer of compact film, the adhesion force will be even
stronger, and the transfer will be more easier. However, the experiment showed that the adhesion
force was actually greatly weaken after deposited a layer of compact film, and the transfer was
failed.  This  could  be due to  the following reasons:  the top surface  of  the NW110 side is  less
smoother than the NW180 side, because during fabrication, the NW180 side was kept in touch with
the glass substrate, while the NW110 side was exposed to the air. Normally the flexibility of the
NW110s would help overcoming this problem: under pressure, the film's surface was forced flatten,
hence adhered to the flexible substrate. However, with the existence of compact TiO  layer, this did₂
not hold true anymore. The compact TiO  layer is not as flexible as the porous NW110 film, which₂
eventually reduced the adherence force of the surface.
 4.4.2 DSSCs with PEDOT as a Hole Conductor and TiO  NW Film as an Electron ₂
Conductor
Compared to the liquid-electrolyte based DSSC discussed in chapter 2, the PEDOT based DSSC is
more sensitive to the TiO  NW film thickness. The thickness of the NW110 layer used in this₂
experiment was 3 um, and that of the NW180 layer was 1 um, in contrast to the ~5 um thickness of
both layers used in chapter 2. The reason of the thinner film thickness is that the electron life time in
a  PEDOT based device,  as  shown in  chapter  3,  is  usually  much  shorter  than  that  of  a  liquid
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electrolyte based one, which indicates a faster electron-hole recombination rate, while change of the
electron diffusion coefficient was not obvious. As a result, the electron diffusion length in a PEDOT
based DSSC limits the TiO  film thickness that can be used.₂
However, the limited film thickness introduced difficulties to the transfer process. The film used in
chapter  2  was  a  free-standing  film,  which  could  bear  all  the  operations  and  treatments  in  the
fabrication process without being broken, with the main reason being the ~5 um thick NW180 layer,
which  provides  good  mechanical  support  to  the  film.  In  contrast,  the  NW  film  used  in  this
experiment was too thin to be free-standing, which had to be prevented from automatically lifting-
off from the glass substrate. As a result, the adhesion force between the NW180 layer and the glass
substrate had to be increased to keep the film on the substrate until the pressing-and-transfer step.
This was achieved by coating a thin layer of compact TiO  film on the original glass substrate using₂
aerosol pyrolysis method before casting the NW film.
 4.4.3 Compact TiO  Layers₂
The compact  TiO  layer  is  very important  to  a  solid-state  DSSC:  it  prevents  hole transporting₂
materials from directly contacting the FTO or ITO layer on the photoanode side, which in turn
prevents  badly  short-circuit  within  the  device.  Since  the  fabrication  of  a  compact  TiO  layer₂
normally requires high-temperature process, it naturally becomes the one of the key problems of
fabricating flexible solid-state DSSCs, with another key problem being fabrication of high-quality
porous TiO  films on plastic substrates. The latter issue has already had various solutions, which₂
can be divided into two categories: low-temperature methods and transfer methods. Analogously,
the difficulty of fabrication of compact TiO  layer on plastic substrates might also be solved using₂
these two kinds of methods.
Although the transfer methods were applicable in fabricating porous TiO  films, they were not as₂
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useful in the case of compact TiO  layer. The morphology of a compact film is obviously different₂
from that of a porous one, which may has some impact on the success of the transfer method. In
fact, our results show that the methods that worked very well in transferring porous films may not
work at all when transferring compact films. Moreover, even though some transfer method managed
to work with compact films, the quality of the transferred films cannot be guaranteed. It is worthy
noting that the compact film plays a very different role from the porous film in a solid-state DSSC:
the porous film encourages the hole conductor to penetrate it, therefore tiny cracks in a porous film
may actually improves the penetration; while the compact film prevents the hole conductor from
penetrating,  and any cracks in  the compact  film could be a disaster. Unfortunately it  was very
difficult, if not impractical, to produce a completely crack-free film using transfer methods.
The low-temperature methods, on the other hand, produced useful results. Normally it is believed
that  there are  some common problems of  the  low-temperature methods when dealing  with the
porous films, for example poor interconnectivity and poor crystallization of the obtained TiO  film;₂
however these disadvantages became advantages in the case of compact films, because relatively
higher resistance was actually the desired property. Of cource the resistance of the compact film
cannot be too high, therefore the thickness of the compact film obtained from the low-temperature
method should be less than that of the high-temperature method. In our experiment, the optimized
thickness was only ~30 nm, in contrast to the ~100 nm thickness of the commonly used aerosol
pyrolysis compact film.
 4.5 Conclusion
In this chapter, flexible solid-state DSSCs were fabricated using PEDOT as a hole conductor and
TiO  NW film as an electron conductor. The substrate used for the flexible DSSC was a plastic₂
substrate  ITO-PEN.  In  order  to  overcome the  limitation  of  the  operating  temperatures  on  this
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substrate, transfer method was used to fabricate the porous TiO  layer, and a low-temperature ALD₂
deposition method was used to fabricate the compact TiO  layer. Several other methods regarding to₂
the fabrication of compact TiO  layers were also explored, compared and discussed thoroughly. A₂
flexible solid-state DSSC with energy conversion efficiency higher than 1% was obtained. This is
also  the  first  working solid-state  DSSC on  plastic  substrates.  Future  work  will  be  focused  on
optimizing the ALD deposition conditions and photoelectropolymerization parameters to achieve
better efficiency.
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 CHAPTER 5 DOPING OF ALUMINUM INTO TIO  ₂
NANOWIRES
 5.1 Introduction
TiO  nanostructures have attracted broad attention, especially in the area of dye-sensitized solar₂
cells  (DSSCs).1 Recent  studies  in  DSSCs  utilized  one-dimensional  (1D)  nanostructures  of
semiconductors such as nanowires2–4 and nanotubes.5,6 Compared to nanoparticles (0D structures),
1D nanostructures provided additional benefits at least in two aspects: (1) visible light scattering
was enhanced, and more energy was absorbed, especially in long-wavelength range; (2) the 1D
geometry  provided  rapid  and  direct  electron  transport  pass  to  the  electrodes:  the  mobility  of
electrons  in  1-D nanostructures  was  typically  several  orders  of  magnitude  higher  than  that  in
semiconductor nanoparticle films commonly used in DSSCs.7–9 
As discussed in Chapter 1, under illumination, electrons in dye molecules are exited and injected
into  TiO₂'s  conduction band. Then these electrons diffuse across the mesoporous  TiO₂ films on
which dye molecules are absorbed. Finally they are collected by the electrodes to which the TiO₂
films are attached. The mesoporous films, typically with thicknesses of 0.5-25 m, are usually made
of TiO₂ nanoparticles as small as 10~20 nm in diameter. The diffusivities of electrons in such films,
however, are much slower than that in a bulk TiO₂ crystal, mainly due to trapping and detrapping of
electrons at crystalline grain boundaries or within nanoparticles.10 As a result, recombinations of
electrons with electrolyte and oxidized dye molecules compete against this slow diffusion process,
causing energy lose and decreased device efficiency. 1D nanostructures could provide a direct (and
possibly  faster)  route  for  electron  diffusion,  hence  are  potentially  able  to  improve  the  DSSC
performance.5,6 
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Several novel DSSCs based on 1D nanostructures emerged in recent years, including TiO₂ nanotube
arrays prepared by anodic anodization of Ti foils,5,8 ZnO nanowire arrays synthesized with aqueous
solutions,11 etc. Among these materials, hydrothermal synthesized TiO₂ nanowires were chosen in
this work.
Among all the metal oxides used in DSSCs,  TiO  is the most efficient one by far, because of its₂
suitable conduction band level, and relatively high density of states (DOS) in the energy level of
conduction band, which are favorable for electron injection.12 However, it is still useful to engineer
the TiO  conduction band structure to further improve DSSC performance, for example, by coating₂
a very thin layer of metal oxide (such as ZnO or Al O ) on the surface of TiO ,₂ ₃ ₂ 13 or directly doping
into the lattice.12,14,15 For example, Zhang et. al. found that doping TiO  with W was able to down-₂
shift  the  conduction  band  significantly.  Based  on  an  organic  dye  whose  lowest  unoccupied
molecular orbital (LUMO) level is not high enough to work with undoped TiO , an 17% increase in₂
JSC was obtained in W-doped TiO  photoanode.₂ 15 This improvement was largely contributed to the
increased  driven force  for  electron  injection,  which  was defined as  the  difference  between the
LUMO level of the dye molecule and the conduction band edge of TiO . ₂ However, for other dyes,
such as D149 used throughout this thesis, it would be unnecessary to down-shift TiO  conduction₂
band, because dye molecules' LUMO levels are usually high enough. In fact, the LUMO levels of
normally used dyes are so high that sometimes they could be considered as energy waste.16 In this
case, it would be favorable to slightly up-shift the TiO  ₂ conduction band via doping.
In this chapter, the effects of doping TiO  nanowires with aluminum, and the subsequent DSSC₂
fabricating with those doped TiO  nanowires is investigated. The hydrothermal method introduced₂
in Chapter 3 was used to fabricate the nanowires, and doping of aluminum was achieved by adding
Al O  into the hydrothermal reaction. It was found that the overall energy conversion efficiency of₂ ₃
a  0.5  wt% doped  DSSC (η =  7.12%,  VOC =  0.704 V,  JSC =  15.02 mA/cm²,  FF =  67.43%) is
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significantly improved compared to that of an undoped device (η = 6.58%,  VOC = 0.690 V, JSC =
13.59 mA/cm², FF = 70.13%). However, the performance dropped (η = 6.11%, VOC = 0.717 V, JSC =
12.70 mA/cm², FF = 67.10%) when the ratio of doped aluminum was increased to 1.0 wt%.
 5.2 Methods
 5.2.1 Synthesis of TiO  Nanowire₂
The hydrothermal method of fabricating TiO  nanowires was pioneered by Kasuga et. al.₂ 17,18 Slight
modifications were made to the procedures based on the works by Ohsaki et. al.19 P25 TiO  powder₂
(Degussa; particle size: ~ 21 nm in diameter) was used as the raw material. P25 (3.0 g) and Al O₂ ₃
powder (Fluka) were added to 150 mL of 10 M aqueous NaOH solution. The weight ratios of Al O₂ ₃
to TiO  were 0.0, 0.2, 0.5, 1.0 and 2.0, respectively. The mixtures were then stirred vigorously in a₂
flask at 110 ºC with reflux for 20 h in an oil bath.
The resulting white, milky suspensions were washed several times with deionized water until their
conductivities  dropped  below  70  μS/cm.  The  washing  procedure  contains  three  steps:  1)  The
suspensions were centrifuged at 7500 rpm for a certain period of time to separate the solid phase
(aluminum-doped TiO  nanostructure) from the liquid phase (water and NaOH). 2) The liquid phase₂
was discarded, and the solid phase was mixed with fresh deionized water. 3) The fresh mixtures
were  then  sonicated  and  vigorously  stirred  to  allow  the  TiO  nanostructures  to  be  dispersed₂
uniformly in water.
After washing, the suspensions were then acidified by adding HCl solution dropwise until the pH
reached 2. The suspensions were then stirred overnight to allow thorough exchange of the Na  ions⁺
remaining  in  the  lattice  of  TiO  with  H  ions.  Then  they  were  washed  again  until  their₂ ⁺
conductivities were below 10 μS/cm.
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The  TiO  pastes  were  prepared  according  to  the  procedure  reported  by  Ito  ₂ et.  al.  with  some
modifications.20 First,  two kinds  of  ethyl  cellulose  (EC)  powders  (#46070,  Sigma-Aldrich;  and
#46080, Sigma-Aldrich) were dissolved in ethanol to obtain 10 wt% solutions. The solutions were
stirred at 50 ºC for 24 hours to achieve homogeneity. Thereafter, two pastes were prepared. For the
first paste (Paste A), the 10 wt% EC ethanolic mixtures were mixed with terpineol (Sigma-Aldrich)
and the said TiO  suspension to obtain a mixture with a composition of to 18 wt% TiO , 5 wt% EC₂ ₂
#46070, 4 wt% EC #46080, and 73 wt% terpineol. The components of the second paste (Paste B) is
basically identical to Paste A, except that the amount of TiO  was reduced to one-fifth that of Paste₂
A. Ethanol and water were then removed from both pastes by a rotary-evaporator. Theoretically,
Paste B was 5 times more diluted than Paste A, and sequential application of the pastes to the DSSC
allowed control of the photoanode thickness.
 5.2.2 Fabrication of DSSCs
To prepare the working electrode,  FTO glass substrates (15 Ω/□) were first cleaned in distilled
water, followed by acetone, detergent and distilled water again, in a sonicator for 10 min each. This
cleaning process is necessary to remove any surface contaminant that may be present.
The doctor blade technique was used to fabricate the photoanode on the working electrode. In this
technique, both edges of the FTO substrates were covered with a layer of adhesive tape, leaving a
gap of approximately 1 cm. The paste prepared previously was applied to one of the adjacent bare
edges of the substrates and spread evenly over the exposed surface using another clean piece of
glass. The electrodes were then sintered at  125 ºC, 325 ºC, 375 ºC, 450 ºC and 550 ºC for 20
minutes each to remove the solvent and polymeric binders in the TiO  paste and to improve the₂
electronic contact between the nanowire. If necessary, the heat treatment was paused at 125 ºC and
additional layers of paste were added to increase the thickness of the photoanode before resuming
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the sintering process.
TiCl  treatment of the photoanode was then carried out. The substrates were immersed in a 0.08 M₄
aqueous TiCl  solution at 70 ºC for 30 min, and then rinsed with distilled water and ethanol, which₄
was followed by heat treatment at 450 ºC for 30 min. This TiCl  treatment has been shown to₄
positively influence the working electrode in three ways: firstly, it enhances the bonding strength
between  the  photoanode  and  the  substrate;  secondly,  it  blocks  charge  recombination  between
electrons emanating from the FTO and the triiodide ions in the electrolyte; and thirdly, it increases
the surface roughness and necking of the TiO  nanocrystalline film to increase dye adsorption.₂ 20 
Dye adsorption was achieved by soaking the FTO substrates in a 0.3 mM D149 dye solution and 0.3
mM chenodeoxycholic acid co-adsorbent in a mixture of acetonitrile and tert-butanol (volume ratio
1:1) at room temperature for 2 hours. After soaking, the substrates were removed from the dye
solution, washed with acetone and blown dry with nitrogen N  gas.₂
To prepare the counter electrode, FTO glass substrates (8 Ω/□) were cleaned as per the cleaning
procedure used for the working electrode. Then a layer of platinum was deposited on the surface of
the counter electrode using spin-coating and heat-decomposition method. Namely, 80 μL of 0.3 mM
H PtCl₂ ₆ in iso-propan-2-ol was added to the surface and spin-coated at 1,500 rpm for 30 seconds  to
form a thin film. The counter electrodes were then heated to 385 ºC for 10 min to evaporate the
solvent as well as decompose the precursor.
The device was fabricated by clipping a piece of dye-sensitized working electrode and a piece of
counter electrode together face-to-face into a sandwich-like structure. A piece of hot melt resin was
used as a spacer between the two electrodes. Electrolyte between the photoanode and the counter
electrode was filled in a sufficiently large hole in the middle of the resin. The electrolyte employed
was 0.10 M lithium iodide, 0.60 M butylmethyllimidazolium iodide, 0.05 M iodine and 0.05 M 4-
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tert-butylpyridine in a mixture of acetonitrile and valeronitrile (volume ratio, 85:15).21
 5.2.3 Characterization of Nanostructures
The  morphologies  of  the  nanostructures  obtained  through  the  hydrothermal  method  were
determined using a Field Emission Scanning Electron Microscopy (FESEM; Jeol JSM-6700F) and
a Field Emission Transmission Electron Microscopy (FETEM; Jeol JEM-2100F).
X-ray Photoelectron Spectroscopy (XPS; Kratos AXIS Ultra) was also performed on the samples to
determine their compositions. All samples were heated to 550 ºC prior to the XPS test.
X-ray Diffraction (XRD; Bruker D8 Advance) was performed to determine the TiO  phase of the₂
mixtures, as well as that of an untreated mixture of P25 and 1.0 wt% Al O  powder. All samples₂ ₃
except for the untreated mixture of P25 and Al O  powder were subjected to a heat treatment at 550₂ ₃
ºC before the XRD test.
 5.2.4 Characterization of Dye-Sensitized Solar Cells
Photovoltaic measurements were made with an AM 1.5 simulator light, which provides illumination
from the front side, i.e. the working electrode side. The power of the simulated light was calibrated
to 100 mW/cm² using a reference Si photodiode. J-V curves were obtained by applying an external
bias  to  the DSSC and measuring the photocurrent  generated with an AutoLAB PGSTAT 320N
Potentiostat. The applied external bias started at the VOC, as measured by the AutoLAB setup, and
was gradually decreased towards zero bias at a rate of 0.02 V/s. All DSSCs were covered with a
mask during the measurement, so that the effective area receiving the illumination was 0.158 cm².
The thicknesses of the photoanodes were measured using a needle profilometer.
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 5.3 Results
 5.3.1 Characterization of Doped Nanostructures
The nanostructures can be clearly observed in the FESEM and TEM images in Figure 5.1. It was
found that the morphologies changed with the synthesis condition. Particularly, in the acidify step,
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Figure 5.1. FESEM & TEM images of undoped (a & d), 0.5 wt% (b & e) and 1.0 wt% Al-doped 
TiO  nanosheets (a-c) or nanowires (d-f)₂
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if  the  concentration  of  TiO  was higher  than  30 mg/mL,  the  obtained nanostructure  would  be₂
mainly nanosheets;  if  the concentration was lower than 10 mg/mL, the main product would be
nanowires. The widths of the nanosheets were generally 100 – 200 nm. The FETEM images show
the nanotubes. In line with the two-step mechanism in which the nanosheets fold into the nanotubes,
the typical length of the nanowire was largely consistent with the width of the nanosheets,  i.e.
generally  100  –  200  nm.  The  diameters  of  the  nanowires  were  approximately  10  nm.  The
dimensions of the nanowires were similar to those reported in literature.17,19 
XPS measurements, as shown in Figure  5.2, were taken to survey the surface chemical states of
each element in the raw material, P25, and Al O -doped TiO  nanowires. The binding energies in₂ ₃ ₂
the raw data were calibrated using carbon as an internal standard, and the intensities were unified
with Ti(IV) 2p3/2 peaks. Please note that P25 contains a small amount (< 0.3 wt %) of Al O ,₂ ₃
according to their content specification. Therefore, even the “undoped” NW actually contains a little
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Figure 5.2. XPS of doped nanowires and their raw material P25, showing smoothed Al(III) 2p 
peaks. The binding energies in the raw data were calibrated using carbon as an internal standard, 
and the intensities were unified with Ti(IV) 2p3/2 peaks. Please note that P25 contains a small 
amount (< 0.3 wt %) of Al O , according to their content specification.₂ ₃
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doped  Al.  By  adding  additional  Al O  into  the  hydrothermal  reaction,  the  ratio  of  Al-doping₂ ₃
increased.
Al 2p was detected for both Al O -doped TiO  nanowires, with the peaks at 75.5 eV observed for₂ ₃ ₂
all  the  samples.  The  intensity  of  Al  increased  along  with  the  amount  of  Al O  added,  which₂ ₃
indicated the successful incorporation of Al element into the nanostructures.
The XRD spectrum of “undoped”, 0.5 wt% doped and 1.0 wt% doped NW shows that the sinterred
TiO  NWs consist of a mixture of anatase phase and rutile phase, marked out by the red and blue₂
lines, respectively. No Al O  peaks can be observed from the XRD pattern, which indicates that Al₂ ₃
should be doped into the TiO  lattice, rather than forming a separate phase.₂ 12 
 5.3.2 Characterization of  Dye-Sensitized Solar Cells
In order to investigate the effect of Al O  doping on the conversion efficiency as well as other₂ ₃
photovoltaic parameters, DSSCs were fabricated using the obtained nanowire paste. For each of the
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Figure 5.3. XRD peaks of P25 as well as undoped, 0.5 wt% or 1.0 wt% doped nanowires after 
sinterred at 550 ºC for 30 min. All the peaks can attribute to rutile or anatase phase, and no Al O  ₂ ₃
peaks can be observed, which indicates that Al should be doped into the TiO  lattice, rather than ₂
forming a separate phase.
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doping content (undoped, 0.5 wt% and 1.0 wt%), the DSSCs were optimized for the photoanode
thickness over a large range of thickness; it was found that the conversion efficiencies of the DSSCs
first increase with the thickness, which was followed by a decrease. This process would enable one
to determine how the performance of the DSSC would be affected by the extent of Al O  doping.₂ ₃
Furthermore, examining how the various photovoltaic parameters (VOC,  JSC,  FF) were affected by
the  doping  content  would  allow  one  to  understand  the  effect  of  Al O  doping  on  conversion₂ ₃
efficiency of the DSSC.
The values of conversion efficiency η,  VOC,  JSC, and FF as a function of doping content and TiO₂
film  thickness  are  summarized  in  Table  5.1,  where  the  thicknesses  that  produce  the  highest
conversion efficiency are highlighted in bold.
The highest conversion efficiency achieved with the undoped nanowire was 6.58%. When 0.5 wt%
of Al O  was doped into the nanowire, the maximum conversion efficiency attained was increased₂ ₃
to 7.12%. However, when the doping content was increased further to 1.0 wt%, the conversion
efficiency dropped to 6.11%. This  trend is  consistent with literature results  reported elsewhere,
whereby low doping content is able to boost the conversion efficiency of the DSSC but excessive
doping has a negative impact on the performance.15 
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Table 5.1. Photovoltaic parameters of DSSC fabricated using TiO  nanowire₂
Thickness (μm) η (%) VOC (V) JSC (mA cm-2) FF (%)
Undoped
3.0 4.32 0.748 8.16 70.85
6.0 5.36 0.705 10.81 70.44
8.0 6.25 0.707 12.25 72.21
10.5 6.58 0.690 13.59 70.13
11.5 6.38 0.694 12.93 71.09
14.0 6.31 0.683 12.90 71.54
0.5 wt% Al O₂ ₃
6.0 5.29 0.754 10.05 69.74
7.0 5.99 0.721 12.27 67.69
8.0 6.51 0.702 13.61 68.11
10.0 7.12 0.704 15.02 67.43
12.5 5.99 0.703 12.42 68.72
14.0 5.07 0.686 10.73 68.88
1.0 wt% Al O₂ ₃
2.5 3.74 0.768 7.12 68.39
4.0 4.86 0.739 9.29 70.91
6.5 6.11 0.717 12.70 67.10
8.5 5.89 0.708 12.06 69.06
10.0 5.90 0.694 12.08 70.44
12.0 5.44 0.685 11.50 69.10
127
Doping of Aluminum into TiO  Nanowires₂
 5.4 Discussion
 5.4.1 Morphology Dependency on Preparation Conditions
It  was  found that  the  morphology  of  the  obtained  nanostructures  has  a  strong dependency  on
preparation conditions. It has been shown in Chapter 2 that higher temperature in the hydrothermal
reactions leads to bigger size in the resulting nanostructures (bigger nanowires), possibly because
the nanostructures grow faster at higher reaction temperature. 
In this chapter, it was found from the FESEM & TEM image (Figure 5.1) that different acidification
conditions lead to different morphologies, especially in terms of the concentration of TiO  during₂
the acidify process: products obtained at high concentration was mainly nanosheets, while that at
low concentration was mainly nanowires. Otherwise, the product would be a mixture of nanowires
and nanosheets.  This  observation can be explained by the “rolling-up” mechanism: TiO  forms₂
single-layered  2D  nanosheets  in  the  strong  base  (10  M  NaOH)  environment  at  reaction
temperature,17 which  were  stabilized  by  the  negative  surface  charges  on  the  2D nanostructure.
During the acidify process, the surface charges were slowly neutralized, and the single-layered 2D
nanosheets could either roll-up,  resulting nanotubes or hollow nanowires,  or stack together and
form multi-layered nanosheets, which were not able to further roll-up because of the interactions in
between layers, with the exception on the edges of the multi-layered nanosheets, because a multi-
layered nanosheet might be only multi-layered in the center of the sheet, but remain single-layered
on the edge, which made the nanosheet partially rolled up. From the FESEM images shown in
Figure 5.1, many “partially rolled-up” nanosheets can be observed, which were in consistent with
the literature.17 
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 5.4.2 Effect on Electron Injection
The driven force of the electron injection from an exited dye molecule to the TiO  conduction band₂
can be described as the energy difference between the dye's LUMO level and TiO 's edge of the₂
conduction band (ECB). It was believed that the injection is inefficient if a dye's LUMO level is not
at least 0.2 eV higher than TiO 's ECB.₂ 15 On the other hand, if the LUMO is sufficiently high, the
driven force is sufficiently large (i.e. larger than 0.2 eV), and the quantum efficiency of the injection
process is close to unity, which cannot be further improved much if  the driven force is further
increased; instead, the energy is wasted. In this case, by up-shifting TiO 's ECB, the energy loss₂
would be reduced, as shown in Figure 5.4.
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Figure 5.4. Effects of band-shifting on the performances of DSSC. If the dye LUMO level is high 
enough, up-shifting TiO 's ECB slightly could reduce the energy wasted in electron injection ₂
process without affect injection efficiency. Moreover, at a given quasi-Fermi level, the total amount 
of “trapped” electrons in an up-shifted TiO  is less than that in normal TiO , because the energetic ₂ ₂
distribution of the electron trapping site has an exponential decrease with the increased value of 
(ECB – E). Less “trapped” electrons would have a smaller recombination rate, as recombination 
occurs mainly on trapping sites, according to the multiple-trapping model.
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 5.4.3 Effect on Recombination
It was widely reported that doping metal oxides into TiO  could change the recombination rate₂
between the “free” electrons injected into TiO  and iodine in the electrolyte.₂ 12,14,15,22 According to the
literature, doping may affect the recombination rate in several ways. Doping itself, achieved via
replace Ti atom with another metal atom, can be seen as an impurity in the TiO  lattice, which may₂
be naturally an electron “trapping” site; therefore TiO  nanostructures with higher doping ratio may₂
contain  more  trapping  sites.  According  to  the  multiple-trapping  model,23 recombination  mainly
occurs  on  the  trapping  sites;  therefore  more  trapping  sites  seemingly  might  leads  to  a  higher
recombination rate. However, the trapping sites have an energetic distribution. According to the
multiple-trapping model, the energy level of the trapping sites are lower than TiO  ECB, and the₂
probability to find a trapping site with energy E is governed by the following distribution equation:
(5.1)
where g(E) is the distribution function, nt,0 is the total density of traps, kB is the Boltzmann constant,
Tc is the tailing parameter that describing the shape of the distribution, and Ec is the energy of ECB.
The distribution  is  also  shown in  Figure  5.4.  It  can  be  seen  clearly  that  g(E)  would  decrease
exponentially with the increase of Ec, if all the other conditions remain constant. Therefore, given
an applied voltage to the DSSC, which equals to the difference between the quasi-Fermi level of the
injected electrons and the redox potential of the electrolyte, it can be found from the equation and
Figure 5.4 that the total amount of trapped electrons would be decreased with the increase of TiO₂
ECB, thus the recombination rate could be reduced by up-shifting TiO  ECB via doping of a metal₂
oxide whose ECB is higher than TiO , such as Al O .₂ ₂ ₃ 12 
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 5.4.4 Effect on Electron Transportation
The effect of doping on electron transportation in TiO  is complex. On one hand, more trapping₂
sites introduced by doping may increase the electron transportation via tunneling effect,15 i.e. the
electron transportation from one trapping site to another nearby without being detrapped, which is
achieved the tunneling quantum effect. On the other hand, at a given quasi-Fermi level, the total
amount of electrons in the TiO  conduction band (i.e. untrapped electrons) is also decreased with₂
the increase of TiO  ECB, as described by Fermi-Dirac distribution. It is proposed by the multiple-₂
trapping model that the electron transportation is mainly contributed by those untrapped electrons,23
because the diffusion coefficient for untrapped electron is larger than that of the trapped one.
 5.4.5 Effect on VOC 
The VOC of a DSSC is determined by electron injection and recombination. Higher electron injection
rate  and  lower  recombination  rate  together  contributed  to  the  increase  of  VOC,  while  drops  in
injection rate as well as increase in recombination rate led to decreased VOC. 
From the discussions in previous sections, it is expected that a moderated doping rate would keep
electron injection rate unchanged, while decease recombination rate, thus improve the VOC, while a
very high doping ratio would cause decreases in both electron injection rate and VOC. From Table
5.1, it can be seen that doping the nanowire photoanode with Al O  increases the ₂ ₃ VOC as expected
for both 0.5 wt% doping and 1.0 wt% doping.
From that table one may also find that VOC decreases with the increased thickness of photoanode.
This  phenomenon  can  also  be  explained  by  the  relationship  between  electron  injection,
recombination and VOC. As the thickness of the photoanode increases, both electron injection rate
and recombination rate increase, but recombination rate increases faster. This is because thicker
photoanode provides more trapping site, hence more reaction site for recombination; therefore at
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given quasi-Fermi level, the relationship between film thickness and recombination rate is almost
linear. In contrast, electron injection rate equals the rate that photons being absorbed (assuming the
injection quantum efficiency equals to unity), with the latter being derived from Beer–Lambert law:
(5.2)
(5.3)
where A is the absorbance, I0 is the incident light intensity, I is the intensity of light that go through
the film, α is the absorption coefficient, l is the thickness of the film, and r is the photo absorption
rate  (approximately  equals  to  electron  injection  rate).  Clearly,  as  the  thickness  increases,  the
increase of electron injection rate is slower than that of recombination rate, causing a decrease in
VOC.
 5.4.6 Effect on JSC 
In a DSSC, the  JSC is largely determined by the electron injection rate, while electron collection
efficiency also  has  an  impact  on  it.  Electron  collection  efficiency, which  describes  how many
injected electrons  can reach FTO layer, is  determined by recombination rate  and transportation
speed. Therefore, JSC is affected by doping via electron injection, recombination and transportation.
As shown in section  5.4.2, when the doping ratio is low, the up-shifting of ECB does not affect
electron injection. But when the doping ratio is high, the ECB would be too close to dye LUMO
level, which may decrease the injection rate.
The multiple-trapping model  suggests that  by merely up-shifting ECB, both recombination and
electron diffusion would be suppressed by the same order, thus electron collection efficiency would
remain  unchanged.24 However  the  true  picture  should  be  more  complicated  than  the  multiple-
trapping model. For example, this model ignores the electron transportation via tunneling effect,
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which may be important here because doping may increase the density of trapping sites, thus make
tunneling effect more significant.
A combination of analyze in electron injection and electron collection suggests that the JSC would
remain almost unchanged when the doping ratio is low, but decrease when the doping ratio is high.
This prediction is confirmed with Table 5.1. For example, the JSC for undoped, 0.5 wt% doped and
1.0 wt% doped devices with a thickness of ~12 μm is 12.93 mA/cm², 12.42 mA/cm² and 11.50
mA/cm²,  respectively. The results  show that  JSC may also  increase  a  little  when the  doping is
moderate, possibly because of the increased electron collection efficiency, with the latter in turn
caused by the improved electron transportation via tunneling effect.
The dependency of  JSC on film thickness is also interesting. As the thickness increases, electron
injection rate increases. Meanwhile, according to the multiple-trapping model, electron collection
efficiency  decreases  slowly.24 Therefore,  the  overall  JSC should  increase  at  first,  then  reaches
maximum at an optimal thickness, then decrease. This is in good agreement with the data shown in
Table 5.1.
 5.4.7 Effect on Energy Conversion Efficiency
The energy conversion efficiency of a DSSC can be determined using the following equation:
(5.4)
where η is the energy conversion efficiency, and FF is the fill factor. It can be seen from Table 5.1
that  the  fill  factor  for  all  the  devices  are  around 70% and do not  change much,  therefore  the
efficiency is determined by JSC and VOC. 
Previous discussions show that with the increased doping ratio,  JSC firstly remain unchanged or
slightly increase a little, and then decrease, because of doping's effect on electron injection rate and
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electron collection efficiency. As a result, it is expected that η would increase at first, then reaches
maximum, and finally decrease. This is in good agreement with the results shown in Table 5.1.
 5.5 Conclusion
In this chapter, the effects of doping TiO  nanowires with aluminum, particularly, the effects on₂
DSSCs fabricated with those doped TiO  nanowires are investegated. The hydrothermal method₂
introduced in Chapter 3 was used to fabricate the nanowires, and doping of aluminum was achieved
by adding Al O  into the reaction mixer.₂ ₃
It was found that the overall energy conversion efficiency of a 0.5 wt% doped DSSC (η = 7.12%,
VOC = 0.704 V, JSC = 15.02 mA/cm², FF = 67.43%) is significantly improved compared to that of an
undoped device (η = 6.58%,  VOC = 0.690 V, JSC = 13.59 mA/cm²,  FF = 70.13%). However, the
performance began to drop (η = 6.11%, VOC = 0.717 V, JSC = 12.70 mA/cm², FF = 67.10%) when the
ratio of doped aluminum was increased to 1.0 wt%.
It was proposed that the doping of aluminum raises the TiO  conduction band edge (₂ ECB) in the
photoanode as well as suppresses the recombination between the electrons in the TiO  conduction₂
band and iodine  in  the  electrolyte.  Meanwhile,  a  higher  density  of  trap  sites  is  formed in  the
crystalline structure of the photoanode. At low doping ratios, the ECB may be slightly raised, which
can  suppress  recombination,  and leads  to  improved  electron  collection  efficiency. As  such,  an
improvement in the overall energy conversion efficiency is achieved by increaseing in both VOC and
JSC.  However,  while  the  doping  ratio  increases,  the  negative  influence  of  doping  on  electron
injection and transport become significant, hence the obvious decrease in  JSC outweighs the small
increase in VOC and the conversion efficiency eventually drops.
In summary, doping of a low concentration of aluminum into TiO  nanowires was found to improve₂
the  overall  energy  conversion  conversion  efficiency  of  TiO  nanowire  based  DSSC.  Further₂
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enhancement  is  possible  through  exploration  of  the  effect  of  doping  on  TiO  nanowire  band₂
structure, as well as doping with other metal elements such as W and Nb.
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 CHAPTER 6 CONCLUSIONS
In this thesis project, fabrication of various flexible dye-sensitized solar cells (DSSCs) with TiO₂
nanowire (NW) and nanoparticle (NP) based photoanodes have been explored. A simple transfer
method utilizing TiO  NW films has been introduced to fabricate DSSCs with liquid-electrolyte or₂
PEDOT hole conductor. Metal-free organic dye D149 have been used thoughout the project.
 6.1 Conclusions
TiO₂ nanowires were synthesized using a hydrothermal method followed by calcining at 550°C, and
the obtained nanowires were in a mixture of anatase and rutile phase. Then a simple transfer method
using TiO  nanowire was demonstrated: a₂  flexible DSSC was fabricated by transfering the free-
standing film onto a piece of ITO-PEN substrate, with no pretreatment on the substrate required.
The energy conversion efficiency of the flexible DSSC was 5.67%. Electrical impedance analysis
showed  good  connection  between  the  transferred  film  and  its  substrate.  The  asymmetric  free-
standing flexible film that consists of 100% TiO  was prepared using simple doctor-blade method.₂
This  novel  transfer  method  may  also  be  used  in  any  other  situations  where  fabricating  high-
temperature sinterred TiO  films on plastic substrates is required. The transfer method was selected₂
instead of other approaches for flexible DSSC fabrication for several reasons: it greatly retains the
electronic  properties  of  high-temperature  sintered  TiO  films;  it  provides  the  possibility  to  use₂
plastic substrates in DSSCs; and it requires no high-cost operations such as ozone plasma treatment.
However, we also found that the recombination of nanowires was high, which caused some energy
loss in the device. This issue was further investigated in the following studies of this thesis project.
Regardless of those limitations, this novel transfer method provides an efficient way to fabricate
flexible DSSCs on plastic substrates.
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Flexible solid-state DSSCs using poly(3,4-ethylenedioxythiophene) (PEDOT) as a hole conductor
with  metal  foil  substrate  and  plastic  substrate  have  been  demonstrated  in  chapters  3  and  4,
respectively. Flexible solid-state DSSC combines the benefits of both flexible DSSCs and solid-
state DSSCs together. As an early exploration in this completely new kind of DSSC, in chapter 3,
titanium foils were chosen as the substrate of DSSCs. The reason of this choice is that: compared to
the more commonly used plastic substrates in the area of flexible DSSCs, titanium foils were found
less challenging when being applied with solid state DSSC fabrication procedure. The devices were
fabricated  successfully,  and  some positive  results  were  obtained.  However,  due  to  some other
limitations introduced by the titanium foil as well as the solid state system, DSSCs with this kind of
structure were found far from perfect. The limiting factors were analyzed in depth in chapter 3, and
an alternative approach for fabricating flexible solid-state DSSCs were introduced in chapter 4, in
which the transfer method introduced in chapter 2 has been further extended to fabricate PEDOT
DSSCs. Using the transfer method, the first ever flexible PEDOT DSSC with efficiency over 1%
was fabricated. This is also the first ever PEDOT DSSC that uses TiO  NWs instead of NPs. The₂
substrate used for the flexible DSSC was a plastic substrate ITO-PEN. In order to overcome the
limitation of the operating temperatures on this substrate, transfer method was used to fabricate the
porous  TiO  layer,  and  a  low-temperature  ALD  deposition  method  was  used  to  fabricate  the₂
compact TiO  layer. Several other methods regarding to the fabrication of compact TiO  layers were₂ ₂
also  explored,  compared  and  discussed  thoroughly.  A flexible  solid-state  DSSC  with  energy
conversion efficiency higher than 1% was obtained.
A comparison between chapters 3 and 4 suggests that further development of flexible solid-state
DSSCs should choose plastic substrates rather than metal foil substrates. Although metal foils are
more suitable for depositing compact TiO  films using high-temperature methods, it turns out that₂
the fabrication  temperature is  not  a  key factor  to  the quality  of  compact  TiO  films:  the low-₂
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temperature fabricated compact  film can also work.  In  contrast,  the transparency of the plastic
substrate is a great advantage, because the electron diffusion length in a solid-state DSSC is usually
limited,  which could cause a big drop in the electron collection efficient when used in a back-
illumination configuration, which is the only way to utilize metal foil substrates.
To overcome the drawbacks of NWs we previously observed in this thesis project, in chapter 5, the
NWs have been modified by doping metallic elements and changing their electronic band structure.
It  has been found that doping of aluminum would increase devices'  VOC,  but decrease  JSC.  The
mechanism has been discussed in chapter 5, and it has been shown that by fine-tuning the amount of
doped element, the device performance can be optimized. Therefore, this study provides a viable
method  to  improve  the  energy  conversion  efficiencies  of  the  devices  that  were  previously
investigated.
 6.2 Outlooks
The transfer methods have been found efficient to fabricate low-cost, light-weighted and flexible
DSSCs. In this study, the method has been greatly simplified by introducing TiO  NWs into the₂
film. As a future work, it would be attractive to further improve the mechanical strength of TiO₂
films by fine-tuning the shape of NWs.
Flexible  solid-state  DSSCs  have  wonderful  properties.  For  example,  they  are  light  weighted,
flexible, portable, no leakage, no vaporization, etc. As a result,  it  would be attractive to further
optimize the flexible solid-state DSSCs introduced in this thesis. Viable ways include modify the
NW/PEDOT interface, introduce novel sensitizers or hole conductors such as perovskites, etc.
In this project, only the doping of aluminum was thoroughly investigated. But as shown in chapter
5, it is also quite interesting to dope some other elements, such as W and Cr, into TiO  NW to fine-₂







Appendix I. Modeling program used in Section 2.4.1,Chapter 2
#!/usr/bin/python2.7
# -*- coding: utf-8 -*-
import numpy as np
from scikits import bvp_solver as bvp
from scipy import constants,optimize
from matplotlib import pylab
from mpl_toolkits.mplot3d import axes3d
class PhotonFlux(object):
    def __init__(self,
                 b0 = 1.0e-6, # TiO2 film thickness used in UV experiment
                 data = 'data.csv'):
        wv, pAM15, UV_FTO_t, UV_D149_a = np.loadtxt(data,
                          delimiter=',', skiprows=1, unpack=True)
        J_hv = pAM15 * wv*1e-9 / (constants.h * constants.c)
        self.J_hv = J_hv*UV_FTO_t/100
        self.alpha_D149 = UV_D149_a / b0
        self.wv = wv
    
    def J_hv_f(self, x):
        """
        Computes the photon flux at depth x:
        J_{h\nu} = J_0 * \exp ( -\alpha x )
        where x might be an array or a scalar number.
    
        The result is an m*n matrix,
        where m=len(x) and n=len(wavelength)
        """
        return self.J_hv * np.exp(
            np.multiply.outer(-x, self.alpha_D149))
    
    def r_inj(self, x):
        """
        Computes the electron injection rate at depth x:
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        r_{inj} = \int \alpha J_{h\nu} d\lambda
        where x might be an array or a scalar number.
    
        The result has the same shape as x.
        """
        return np.trapz(self.alpha_D149*self.J_hv_f(x), self.wv)
    def plot(self):
        _x = np.arange(-0.5,5.6,0.5)
        X,Y = pylab.meshgrid(_x, self.wv)
        Z = self.J_hv_f(_x*1e-6).T
        axes3d.Axes3D(pylab.figure()).contour3D(X,Y,Z,11,zdir='x')
        pylab.xlabel('Film Thickness ($\mu$m)')
        pylab.ylabel('Wavelength (nm)')
    
class ElectronProfile(object):
    def __init__(self, r_inj):
        self.setX(0,5e-6)
        self.L_n = 30e-6    # electron diffusion length: 30 um
        self.tao_n = 10e-3  # electron life time: 10 ms
        self.D_n = self.L_n**2 / self.tao_n
        self.r_inj = r_inj
        self.solution_guess = (1e21,0)
    def setX(self,a,b):
        self.a = a
        self.b = b          # TiO2 film thickness (device)
        self.x = np.linspace(a, b, 201)
    def fun(self, x, y):
        """ 
        In a working dye-sensitized solar cell, electron
        distribution profile in TiO2 film under illumination:
    
        \frac{\partial n}{\partial t} =
            r_{inj} (x)                            # injection
          + D_n \frac{\partial^2 n}{\partial x^2}  # diffusion
          - \frac{ n }{\tau_n}                     # recombination
        = 0
        
        let y0 = n, y1 = dn/dx, then the equation becomes:
        dy0/dx = y1
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        dy1/dx = ( y0/tau_n - r_inj(x) ) / D_n
        """
        return np.array([
               # dy0/dx
               y[1],
               # dy1/dx
               ( y[0]/self.tao_n - self.r_inj(x) ) / self.D_n
               ])
    
    def solve(self, boundary):
        self.problem = bvp.ProblemDefinition(
            num_ODE = 2,
            num_parameters = 0,
            num_left_boundary_conditions = 1,
            boundary_points = (self.a, self.b),
            function = self.fun,
            boundary_conditions = boundary)
        
        self.solution = bvp.solve(self.problem,
            solution_guess = self.solution_guess )
        
        return self.solution(self.x)
    
    def oc(self):
        """
        boundary conditions at open circuit are:
        electron flux at both side equal to zero:
        J_e = - D_n \frac{\partial n}{\partial x} = 0
        which means:
        y1a = y1b = 0
        """
        def boundary(ya, yb):
            return (np.array([ya[1]]),
                    np.array([yb[1]]))
        
        yoc = self.solve(boundary)
        return yoc[0]
    
    def sc(self):
        """
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        boundary conditions at short circuit are:
        electron concentration at FTO side equals to zero
        electron flux at the other side equals to zero
        y0a = y1b = 0
        """
        def boundary(ya, yb):
            return (np.array([ya[0]]),
                    np.array([yb[1]]))
        
        ysc = self.solve(boundary)
        return ysc[0]
    def plot(self):
        pylab.figure()
        pylab.plot(self.x*1e6,self.oc(),'k-',
                   label='Open Circuit')
        pylab.xlabel('Film Thickness ($\mu$m)')
        pylab.ylabel('Electron density (m$^{-3}$)')
        pylab.twinx()
        pylab.plot(self.x*1e6,self.sc(),'y--',
                   label='Short Circuit')
        pylab.ylabel('Electron density (m$^{-3}$)')
    
class QuasiFermi(ElectronProfile):
    def __init__(self, r_inj, T=273+25, ECB=0.9, m=3):
        ElectronProfile.__init__(self, r_inj)
        self.T = T
        self.V_T = constants.k * T / constants.elementary_charge
        self.ECB = ECB
        self.E = np.linspace(0,ECB,101)
        self.m = m
        self.Q_e0 = 2e26/self.m
    def FermiDirac(self, EF, E):
        """
        Fermi-Dirac distribution
        EF: Fermi energy (unit: eV)
            Might be a scalar number or an array of m
        E:  energy of an particle (unit: eV)
            Might be an array with a length of n
        returns a m*n matrix
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        """
        return 1/(1+np.exp(np.add.outer(-EF,E)/self.V_T))
    def DoS(self, E):
        """
        Density of State of the electron traps in TiO2 film
        E: energy in eV
        """
        return self.Q_e0*np.exp((E-self.ECB)/(self.m*self.V_T))
    def Q_e(self, EF):
        "Compute electron density from quasi-Fermi level"
        # 0-K approximation:
        return (self.DoS(EF)-self.DoS(0))*self.m*self.V_T
    def E_F(self, Q):
        "Compute quasi-Fermi level from electron density"
        # 0-K approximation:
        return self.ECB + self.m*self.V_T*np.log(
            Q/(self.Q_e0*self.m*self.V_T) + np.exp(
                -self.ECB/(self.m*self.V_T)))
    def electronProfile(self, V):
        "Compute the electron profile at a given voltage"
        Q = self.Q_e(V)
        def boundary(ya, yb):
            return (np.array([ya[0]-Q]),
                    np.array([yb[1]  ]))
        y = self.solve(boundary)
        return y[0]
    def quasiFermi(self, V):
        """ 
        Compute the quasi-Fermi level profile in TiO2 film
        at a given applied voltage.
        """
        return self.E_F(self.electronProfile(V))
    def sc(self):
        return self.electronProfile(0)
    def plot(self):
        ElectronProfile.plot(self)
        pylab.figure()
        pylab.plot(self.x*1e6,self.quasiFermi(0))
        pylab.plot(self.x*1e6,self.quasiFermi(0.3))
        pylab.plot(self.x*1e6,self.quasiFermi(0.4))
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        pylab.plot(self.x*1e6,self.quasiFermi(0.5))
        pylab.plot(self.x*1e6,self.quasiFermi(0.6))
        pylab.plot(self.x*1e6,self.quasiFermi(0.7))
        pylab.ylim(0,0.8)
        pylab.xlabel('Film Thickness ($\mu$m)')
        pylab.ylabel('$E_F - E_0$ (V)')
class QuasiFermi2(QuasiFermi):
    def dQdEF(self, EF):
        return self.DoS(EF) # dQdEF approximately equals to DoS
    def D_n_f(self, EF):
        return self.D_n * np.exp((EF - 0.5)*(1-1/self.m)/self.V_T)
    def fun(self, x, y):
        """
        Override ElectronProfile.fun()
        """
        EF = self.E_F(y[0])
        D_n = self.D_n_f(EF)
        L_n2 = self.L_n**2
        r_inj = self.r_inj(x)
        return np.array([
                y[1],
                y[0]/L_n2 - r_inj/D_n
                ])
    def plot(self):
        self.solutions = []
        def solve(V, guess='last solution', plot=True, save=True):
            if guess=='last solution':
                self.solution_guess=self.solution
            else:
                self.solution_guess=guess
            f = self.quasiFermi(V)
            if plot: pylab.plot(self.x*1e6, f)
            if save: self.solutions.append(self.solution)
        pylab.figure()
        self.oc()
        self.solution.save('openCircuit.solution')
        solve(0.7)
        solve(0.6)
        solve(0.5)
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        solve(0.4)
        solve(0.3)
        solve(0.2, plot=False)
        solve(0.1, plot=False)
        solve(0.0)
        pylab.ylim(0,0.8)
        pylab.xlabel('Film Thickness ($\mu$m)')
        pylab.ylabel('$E_F - E_0$ (V)')
        for v,s in zip(np.linspace(0.7,0,len(self.solutions)),
                       self.solutions):
            s.save('{0}.solution'.format(v))
if __name__=='__main__':    
    photon = PhotonFlux()
    fermi = QuasiFermi2(photon.r_inj)
#    photon.plot()
    fermi.plot()
    pylab.show()
Appendix II. Modeling program used in Section 2.4.2,Chapter 2
#!/usr/bin/python2.7
from numpy import arange,array,exp
from scipy.optimize import fsolve,leastsq
from scipy.constants import e,k
from matplotlib.pyplot import plot,show,xlabel,ylabel,ylim
T=273+25
def IV(params, V):
    (I_inj, I0, V0, Rs, Rp) = params
    def Is(V):
        return I_inj - I0*(exp(V/V0)-1)
    def I1(I):
        Vx=V+I*Rs
        Ix=Is(Vx)
        return Ix-Vx/Rp
    I=fsolve(lambda I: I1(I)-I, Is(V))
    return I
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def fitIV(params, I, V):
    def err(params):
        print params[:4]
        return IV(params,V) - I
    fittedParams, cov_x, infodict, msg, ier = leastsq(
        func=err, x0=params,
        factor=2**-5)
    return fittedParams
if __name__=='__main__':
    area = 0.158
    I_inj = 12.8e-3*area; I0 = 2**-50; V0 = 2*k*T/e
    Rs = 2**5; Rp = 2**16; 
    I0 = I_inj/(exp(0.744/V0)-1)
    params = array([I_inj, I0, V0, Rs, Rp])
    V=arange(0,0.8,0.01)
    J=1000/area*IV(params,V)
    plot(V,J)
    ylim(0,13)
    xlabel('Photovoltage (V)')
    ylabel('Photocurrent Density (mA/cm$^2$)')
#    V0 /= 2
#    I0 = I_inj/exp(0.73/V0)
#    params = array([I_inj, I0, V0, Rs, Rp])
#    params = fitIV(params, J, V)
#    plot(V,1000/area*IV(params,V))
    show()
Appendix III. Modeling program used in Section 3.4.2,Chapter 3
#!/usr/bin/python2.7
from collections import defaultdict
from ElectronDistributionProfile import PhotonFlux,QuasiFermi
import numpy as np
from scipy import constants








for b in d:
    JvsXi=[]
    NvsXi=[]
    for r_inj,curve in [(p.r_inj,                    'k'),
                        (lambda x:p.r_inj(q.b-x),    'k-.'),
                        (lambda x:p.r_inj(q.b-x)*0.6,'k--')]:
        q=QuasiFermi(r_inj)
        q.setX(0,b)
        q.tao_n = 1e-4
        q.sc()
        s=q.solution(q.x)
        NvsXi.append((q.x*1e6, s[0], curve))
        j=constants.elementary_charge*q.D_n*s[1]
        JvsXi.append((q.x*1e6, j/10, curve))
        Jsc[curve].append(j[0]/10)
    NvsX.append(NvsXi)
    JvsX.append(JvsXi)
fig, axs = pl.subplots(len(NvsX), 1, sharex=True)
for curves, ax in zip(NvsX, axs):
    for p in curves:
        ax.plot(*p)
pl.xlabel('Film Thickness ($\mu$m)')
pl.ylabel('Electron Density (m$^{-3}$)')
pl.legend(('Front', 'Back Strong', 'Back'))
fig, axs = pl.subplots(len(NvsX), 1, sharex=True)
for curves, ax in zip(NvsX, axs):
    for x,y,fmt in curves:
        ax.plot(x,q.E_F(y),fmt)
pl.xlabel('Film Thickness ($\mu$m)')
pl.ylabel('Quasi-Fermi Level (V)')
pl.legend(('Front', 'Back Strong', 'Back'))
fig, axs = pl.subplots(len(JvsX), 1, sharex=True)
for curves, ax in zip(JvsX, axs):
150
Appendix
    for p in curves:
        ax.plot(*p)
        ax.set_ylim(-2,8)
pl.xlabel('Film Thickness ($\mu$m)')
pl.ylabel('Photocurrent Density (mA/cm$^2$)')
pl.legend(('Front', 'Back Strong', 'Back'))
pl.figure()
for curve, j in Jsc.items():
    pl.plot(d*1e6, j, curve)
pl.xlim(0,5)
pl.xlabel('Film Thickness ($\mu$m)')
pl.ylabel('J$_{SC}$ (mA/cm$^2$)')
pl.show()
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